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FOREWORD 


This  report  describes  the  research  effort  of  the  Data 
Systems  Division  of  Litton  Industries,  Inc.  under  Supple¬ 
mental  Agreement  2  to  Contract  DAAG05*7Q*C*0328, 
with  the  U,S.  Army,  Frsnkford  Arsenal.  The  objective 
was  to  provide  additional  analytic  and  simulation  effort  in 
support  of  the  parametric  analysis  of  predicted  fire  air 
defense  weapon  systems. 

The  report  is  presented  in  three  volumes,  Volume  I, 
Analysis,  by  Herbert  K,  Weiss,  reports  the  analysis  effort 
and  the  simulation  results.  Volume  II,  Simulation  Model, 
by  Martin  P.  Ginsberg,  describes  the  Litton  Air  Defense 


Simulation,  designed  by  Mr.  Ginsberg.  The  results  of  the 
simulation  are  included  in  Volume  I.  Volume  III,  Effective¬ 
ness,  by  Herbert  K,  Weiss,  reports  on  methods  of  evaluating 
overall  system  effectiveness. 

In  the  present  report,  freqUent  reference  is  made  to  the 
Final  Report  on  the  original  contract.  The  previous  report, 
titled  Final  Report,  A  Parametric  Study  of  Advanced 
Forward  Area  Air  Defense  Weapon  System  (AFAADS) 
(two  volumes),  dated  2  October  1 970,  Revised  Edition  1971, 
is  referred  to  throughout  this  report  as  the  "AFAADS*! 
Report." 
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SECTION  1 
INTRODUCTION 


1.1  AFAAD8  SYSTEM  EFFECTIVENESS  MODEL 

This  report  is  concerned  with  the  estimation  or  the 
effectiveness  of  systems  for  defense  against  low  alti¬ 
tude  air  attack.  The  estimation  and  evaluation  process 
involves  many  factors,  of  which  only  a  part  are  amena¬ 
ble  to  modelling,  mathematical  analysis  and  computer 
simulation.  The  factors  which  must  be  evaluated  by 
military  judgement  are  at  least  as  important  as  those 
which  may  be  compared  analytically. 

The  object  of  system  modelling  is  to  provide  a 
means  for  analyzing  those  system  characteristics 
which,  within  reasonable  expenditures  of  time  and 
effort,  may  be  compared  analytically,  thus  reducing  the 
number  of  factors  which  must  be  evaluated  by  judge¬ 
ment  in  making  decisions.  In  the  last  several  decades 
the  ability  of  system  modelling  to  thus  support  the 
decision  maker  has  progressively  improved.  However 


as  models  become  more  complex  they  reach  a  point 
(often  exceeded  in  practice)  beyond  which  the  mar¬ 
ginal  improvement  in  validity  of  representation  is 
small  compared  with  the  increase  in  complexity  of  the 
model. 

Modelling  does  have  the  unique  advantage  that  if 
the  analyst  does  his  job  well,  he  is  forced  to  accumulate 
a  great  deal  of  relevant  real  life  information  from 
which  to  derive  his  model  parameters,  This  informa¬ 
tion,  the  identification  of  significant  system  parame¬ 
ters,  and  the  general  structuring  of  the  problem  can  be 
as  helpful  to  the  decision  maker  as  the  model  results 
themselves. 

Although  this  report  is  directed  to  effectiveness  mod¬ 
elling  of  predicted  Are  (unguided  weapon)  systems  for 
defense  against  low  altitude  attack,  most  of  the  con¬ 
cepts  and  methodology  apply  to  guided  missile  systems 
for  operation  in  the  same  altitude  region,  as  well. 
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SECTION  2 
SUMMARY 


The  effectiveness  model  for  evaluation  of  predicted 
Are  air  defense  systems,  as  developed  in  this  report, 
consists  of  a  series  of  sub-models,  each  of  which  can  be 
worked  through  analytically.  Neither  the  time  nor  the 
resources  allocated  to  this  effort  allowed  consideration 
of  development  of  a  computer  simulation  at  this  time, 
although  the  sub-models  can  be  computerized  and 
probably  improved  thereby. 

2.1  PRINCIPAL  SUBMODELS 

There  are  four  principal  submodels  which  perform 
the  following  functions: 

a.  Battlefield  Day  Model.  From  'his  model  one  ob¬ 
tains  the  availability/dependability  (RAM)  esti¬ 
mates  of  a  system  under  evaluation. 

b.  Raid  Model ,  From  this  model  one  obtains  the 
effect  of  enemy  extended  strike  patterns  and 
tactics  on  the  lire  versus  reload  cycle  of  the 
weapon  system. 

c.  Engagement  Model .  From  this  model  (which  may 
be  used  in  conjunction  with  the  Litton  engage¬ 
ment  simulation)  one  obtains  estimates  of  de¬ 
sired  weapon  firing  time  to  enter  model  (2)  and 
estimates  of  damage  and  destruction  to  the  at¬ 
tacking  aircraft  und  defended  target  to  enter 
model  (4), 

d.  Overall  Effectiveness  Model.  The  results  of  u,  b, 
and  c  ure  combined  into  un  overull  effectiveness 
estimate.  It  is  urgued  however,  that  ruther  than 
attempt  to  obtain  u  single  effectiveness  number 
over  all  possible  enemy  attack  options,  the  evalu¬ 
ation  should  recognize  that  enemy  options  will  be 
influenced  by  defense  effectiveness,  und  so  a  set 
of  results  should  be  displayed  showing  defense 
effectiveness  and  cost  to  the  enemy  for  enemy 
options  arrunged  in  order  of  increasing  cost  to 
him. 

The  procedural  flow  of  an  analysis  is  outlined  in 
Figure  2- 1 . 

The  present  study  does  not  undertake  to  develop 
costing  methods.  It  is  suggested  however,  that  RAM 
objectives  for  a  system  should  be  set  independently  of 
overall  effectiveness  objectives,  on  the  grounds  that  a 
system  with  low  availability  will  never  be  a  good 
military  choice,  even  though  its  effectiveness  when 
working  is  so  high  that  its  availability  x  effectiveness  is 
superior  to  that  of  a  competitive  system  with  high 
availability  and  lower  effectiveness.  On  this  busis,  it  is 
suggested  that  in  the  complete  cost  and  effectiveness 
evaluation  of  a  system,  it  should  be  assigned  the  costs 
of  whatever  maintenance  support  is  required  to  attain 
some  specified  (high)  availability  level,  The  compara¬ 


tive  effectiveness  of  two  systems  will  then  be  in  the 
ratio  of  'all  up’  effectiveness,  but  the  cost  of  ownership 
will  vary  with  the  difficulty  of  attaining  the  specified 
availability  level. 

In  this  report,  numerical  values  have  been  used  to 
illustrate  the  use  of  the  models,  and  parameter  values 
have  been  chosen  to  be  roughly  representative.  How¬ 
ever,  no  great  effort  has  been  made  to  choose  most 
probable  values,  and  those  associated  with  particular 
equipment  types  are  subject  to  errors  of  source  or 
interpretation,  In  addition  no  attempt  has  been  made 
to  use  the  same  parameters  across  all  examples. 

The  numerical  exercises  snould  therefore  be  consid¬ 
ered  as  illustrative  of  how  the  models  can  be  used, 
rather  than  as  definitive  comparisons  of  system  types, 

2,2  OVERVIEW  OF  THE  REPORT 

The  functions  und  missions  of  air  defense  systems 
are  described  us  a  preliminary  to  model  development 
in  Sections  3  through  fi.  It  is  pointed  out  in  Section  S 
that  any  system  development  should  be  paralleled 
throughout  its  life  cyclt  by  model  development  both  to 
provide  a  concise,  up  to  date,  representation  of  ex¬ 
pected  or  actual  system  capability,  and  to  provide  the 
data  on  which  to  base  evaluations  of  new  systems. 

A  comprehensive  summary  and  review  of  the  design 
and  performance  characteristics  of  predicted  fire  air 
defense  systems  is  provided  in  Section  7,  This  has  the 
purpose  or  indicating  trends  in  system  characteristics, 
and  indicating  what  range  of  parameters  may  be  in¬ 
cluded  in  model  development. 

Section  8  identifies  the  description  of  a  typical  ‘Bat¬ 
tlefield  Day'  as  un  essential  step  in  system  evaluation. 
The  Buttlefield  Day  provides  a  basis  for  relating  avail¬ 
ability  and  dependability  estimates  to  tactical  and 
operational  conditions,  und  in  particular,  identifies 
tactical  system  states. 

Subdivision  of  a  complete  system  into  subsystems 
for  further  analysis  is  described  in  Section  9.  This 
subdivision  assists  in  designating  system  operational 
states,  und  the  alternate  operational  modes  which  may 
be  considered. 

Methods  for  computing  system  availability  and  de¬ 
pendability  are  developed  in  Section  10.  It  is  shown 
that  by  combining  the  tactical  states  of  the  Battlefield 
Day  and  the  operational  states  in  which  the  system 
muy  have  various  levels  of  capability,  the  product  of 
the  availability/dependability  matrices  of  the  WSEAIC 
scheme  is  obtained.  That  is,  for  the  combat  substate,  a 
vector  is  derived,  defining  the  probability  that  the 
system  will  be  in  each  of  its  possible  operational  states 
during  combat. 
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Figure  2-1.  Procedural  Flow  of  Effectiveness  Analysis 
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In  this  section  the  argument  is  presented  that  the 
analysis  can  be  greatly  simplified  on  the  assumption 
that  no  system  will  be  acceptable  for  combat  use  unless 
it  has  a  high  availability,  if  it  has  a  high  availability, 
multiple  failure  modes  will  have  a  low  probability, 
compared  with  single  failure  modes.  If  only  single 
failure  modes  need  be  considered  the  analysis  simpli¬ 
fies  by  several  orders  of  magnitude,  and  relatively 
simple  methods  of  computation  are  adequate. 

Reload  times  for  most  modern  predicted  fire  systems 
are  long  compared  with  the  time  required  to  exhaust 
the  ammunition  load  at  the  weapon's  maximum  rate  of 
fire.  How  important  reload  time  is  depends  on  the 
enemy  attack  pattern  and  time  sequencing.  The  state 
space  models  of  Section  9  and  10  are  extended  in 
Section  1 1  to  include  reload  rate  versus  rate  of  fire  and 
a  few  engagement  parameters  in  order  to  exumine 
these  factors.  The  result  is  an  estimate  of  the  probabil¬ 
ity  that  the  weapon  will  be  in  an  ammunition  availa¬ 
bility  state  during  an  engagement.  However  this  sub¬ 
model  is  too  crude  in  the  form  presented  for  detailed 
engagement  analysis. 

Engagement  analysis  is  developed  as  a  separate  sub¬ 
model  in  Section  12.  A  number  of  simple  graphs  and 
nomograms  are  provided  for  initial  estimates  of  target 
exposure  range,  visual  detection  range,  and  for  projec¬ 
tile  exterior  and  terminal  ballistics.  Two  simple  ana¬ 
lytic  engagement  models  are  developed,  one  for  evalu¬ 


ation  of  the  defense  fire  unit  against  a  dive  bombing 
target,  and  one  for  its  effectiveness  against  a  passing 
jinking  target.  It  Is  pointed  out  that  the  Litton  simula¬ 
tion  for  predicted  fire  systems  has  a  comprehensive 
capability  for  engagement  analysis  allowing  evaluation 
of  a  wide  variety  of  prediction  algorithms,  weapon  and 
projectile  characteristics,  target  types  and  paths.  Some 
simulation  results  are  introduced  to  show  consistency 
with  the  simple  but  more  limited  analytic  models. 

There  is  no  reason  that  the  analytic  models  of  this 
report  cannot  be  included  in  a  computer  simulation, 
and  it  would  be  Interesting,  and  probably  desirable  to 
do  this.  However  predicted  fire  systems  development 
leading  to  prototype  demonstration,  in  the  opinion  of 
the  present  writer,  should  not  be  delayed  pending  the 
completion  of  additional  studies,  analyses,  and  simula¬ 
tion  developments. 

Combination  of  the  sub-model  results  to  obtain  an 
overall  measure  of  effectiveness  if  developed  in  Section 
13.  It  is  emphasized  that  enemy  attack  options  will 
vary  with  defense  capability,  so  that  analyses  must 
consider  the  defense  capability  against  a  range  of 
attacker's  options.  A  defense  can  be  effective  if  it 
denies  an  enemy  the  utilization  of  his  most  numerous 
and  least  expensive  aircraft,  and  munitions  types,  even 
if  by  its  presence  it  prevents  attack  and  so  destroys  no 
aircraft,  or  if  is  relatively  ineffective  against  a  smaller 
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number  of  much  more  expensive  enemy  aircraft  with 
costly  sophisticated  weapons. 


Section  1 3  argues  that  instead  of  averaging  defense 
effectiveness  over  all  possible  attack  modes  and  condi¬ 
tions,  the  presentation  of  results  should  show  effectiv* 
enss  against  a  set  of  enemy  attack  options  of  progres¬ 
sively  Increased  cost.  At  each  level  the  damage  inflicted 
by  the  enemy  and  to  the  enemy  would  be  compared. 


The  use  of  air  defense  weapons  against  ground 
targets  is  discussed  in  Section  14.  It  is  argued  that 
although  this  capability  should  be  provided  as  far  as 


possible,  it  should  not  be  allowed  to  prejud f  e  *h* 
defense  capability  against  air  targets,  and  should  be  a 
consideration,  but  not  a  decisive  factor  in  system 
selection, 

A  deficiency  in  the  models  presented,  as  in  the  case 
of  most  weapons  evaluation  models  is  that  it  has  not 
been  possible  to  compare  them  against  real  data  to 
determine  whether  they  capture  the  e**ential  pawmet. 
ric  interrelationship*  of  the  systems  they  purport  to 
reoresent,  The  deficiency  will  not  be  eliminated  by 
computer  simulation.  The  lack  of  data  for  verification 
will, "however,  be  remedied  if  the  suggestions  of  Sec¬ 
tion  3  on  'Life  Cycle  Modelling'  are  followed. 
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SECTION  3 

FUNCTIONS  OF  LOW  ALTITUDE  AIR  DEFENSE  SYSTEM 


The  functions  performed  by  the  predicted  fire  sys¬ 
tems  considered  in  this  report  are  relatively  simple. 
They  are  shown  in  Figure  3-1,  The  systems  must 
acquire  and  fire  effectively  at  enemy  aircraft,  When 
assigned  to  the  protection  of  other  combat  units  on  the 
move  they  must  have  mobility  equal  to  that  of  the 
supported  units.  Their  capability  at  night  or  in  inclem¬ 
ent  weather  must  bear  3ome  correspondence  to  the 
enemy  capability  to  attack  effectively  tmdor  the  same 
conditions.  They  must  have  satisfactory  reliability, 
resistance  to  enemy  countet measures,  and  the  mainte¬ 
nance  burden  associated  with  them  must  be  acceptable. 
On  occasion  they  may  be  required  to  engage  enemy 
ground  targets, 

It  is  assumed  that  the  predicted  fire  systems  here 
considered  operate  as  a  part  of  a  larger  air  defense 
system  complex  which  includes  manned  interceptor 
aircraft  and  area  defense  surface  to  air  missile  artillery 


capable  of  reaching  to  very  high  altitudes,  The  opera¬ 
tion  of  the  low  altitude  defense  systems  is  an  inte¬ 
grated  part  of  the  complete  air  defense  complex,  with 
which  it  is  coordinated,  with  which  it  must  communi¬ 
cate,  and  from  which  it  receives  command,  control, 
and  alerting  instructions.  The  low  level  coverage  of  the 
area  misaile  defense  is  an  important  factor  in  deter¬ 
mining  the  altitude  and  range  coverage  desired  of  the 
predicted  fire  weapons. 

At  the  time  of  writing,  however,  the  information 
received  from  the  air  defense  net  by  short  range  fire 
units  is  limited,  and  the  early  warning  information 
received  by  Vulcan  and  Chaparrel  type  weapons  from 
FAAR  radars  and  displayed  on  TADD  devices  is 
relatively  coarse  grain.  Once  a  target  appears  within 
range  of  the  low  altitude  defense  firing  section,  the 
section  operates  autonomously  within  the  established 
doctrine  of  fire. 
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Figure  3-1,  Functions  Performed  by  Predicted  Fire  Air  Defense  System 
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SECTION  4 

GENERAL  APPROACH  TO  MODEL  DEVELOPMENT 


For  any  military  system  to  come  into  being,  there 
mutt  be  both  a  mission  which  it  is  required  to  per¬ 
form,  and  a  meant  for  performing  the  miuion.  The 
meant  may  be  a  'system*  consisting  of  equipment, 
manpower,  and  operational  procedures.  The  modelling 
therefore  begins  with  the  definition  of  the  mission  ana 
the  alternate  means  of  accomplishing  it. 

The  description  of  the  system  includes  the  functional 
relationships  among  system  elements  and  characteristic 
performance  parameters.  At  this  stage  the  parameters 
imply  effectiveness,  but  are  not  yet  interrelated  to 
explicate  how  they  contribute  Individually  and  together 
to  overall  system  effectiveness.  Such  parameters  may 
include  Are  unit  weight  and  dimensions,  gun  rate  of 
Are,  muzzle  velocity  and  caliber,  projectile  type,  fuzing 
and  Aller,  vehicle  power/weight  ratio,  etc,  More  com¬ 
plex  but  critical  descriptors  include  the  prediction 
algorithms  of  the  Are  control  system,  the  transfer 
functions  of  the  gun  and  tracker  servos,  and  the  inter¬ 
relationship  of  the  operator  capability' with  the  func¬ 
tions  he  is  required  to  perform. 

The  most  important  phase  of  model  development  is 
the  attempt  to  integrate  these  performance  parameters 
into  a  measure  of  system  ability  to  perform  its  mission. 
This  measure  has,  by  convention,  come  to  be  called 
'capability'. 

Capability,  however,  is  not  achieved  unless  the  sys¬ 
tem  works  when  it  is  needed.  The  major  achievement 
of  the  WSEAIC  line  of  model  development  to  date  has 
been  the  systematization  of  considerations  of  system 
reliability,  maintainability  and  availability,  (RAM),  in 
<  a  generic  form  in  which  they  can  be  quantlAed  and 


combined  with  capability  measures  to  provide  overall 
estimates  of  syitem  effectiveness. 

When  the  RAM  elements  are  used  to  estimate  the 
probability  that  the  system  will  be  operable  when 
required  to  perform  a  mission,  at  a  random  point  in 
time,  the  result  is  called  'availability*.  When  they  are 
used  to  estimate  the  probability  that  the  system  will 
function  successfully  during  a  mission  the  estimates 
are  called  'dependability*. 

The  distinction  between  'availability*  and  'depend¬ 
ability'  is  sharpest  when  a  system  such  as  an  aircraft  is 
under  evaluation.  Then  'availability*  refers  to  the  state 
between  missions,  when  the  system  is  relative^  un¬ 
stressed,  and  repairs  and  maintenance  can  be  carried 
out,  'Dependabflity*  then  refers  to  the  state  during  a 
mission,  which  may  be  of  extended  length,  compared 
with  system  component  failure  rates,  and  during  which 
only  limited  repairs  may  be  performed, 

In  the  case  of  a  ground  based  air  defense  system, 
‘missions'  occur  at  the  enemy's  option,  and  are  charac¬ 
terized  by  individually  brief  durations  of  combat, 
during  which  the  system  is  highly  stressed,  and  by 
varying  intervals  between  combats,  or  engagements, 
during  which  there  may  or  may  not  be  time  to  perform 
repair  and  maintenance.  These  interactions  tend  to 
cause  the  distinction  between  ‘availability’  and  ‘de¬ 
pendability’  to  be  less  well  deAned. 

In  the  present  report,  an  attempt  has  been  made  to 
include  both  combat  and  non-combat  states  in  a  sto¬ 
chastic  model,  the  solution  of  which  gives  the  probabil¬ 
ity  of  state  availabilities  during  combat  and  during 
non-combat  directly. 
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SECTION  5 

LIFE  CYCLE  OF  THE  DEFENSE  SYSTEM  AND  LIFE  CYCLE  OF  THE  MODELLING 
. . PROCESS  ■  .  - . 


The  information  available  for  system  modelling,  and 
the  amount  of  detail  which  should  reasonably  be  Incor¬ 
porated  in  the  model  depend  on  the  life  cycle  phase  of 
the  system  or  systems  under  consideration,  The  use  for 
which  the  model  ii  intended  will  also  depend  on  the 
phase. 

The  relationship  of  model  elements  to  phase  of 
system  life  is  indicated  in  Table  V- 1 . 

It  would  seem  useful  to  maintain  a  continuous  mod¬ 
elling  activity  associated  with  each  system  throughout 
the  system  life  cycle.  This  is  apparently  beipg  done 
more  frequently  with  time,  as  opposed  to  past  efforts 
consiiting  of  ad  hoc  systems  analysis  with  little  conti¬ 
nuity,  activated  by  crises  and  termlnatwd  when  the  fire 
was  put  out. 


Aside  from  the  advantages  indicated  in  the  table,  of 
assisting  in  program  management,  such  a  sustained 
effort,  coordinated  among  parallel  system  develop¬ 
ments,  provides  a  continuously  improving  body  of  data 
which  facilitates  and  improves  the  validity  of  analyses 
of  new  systems. 

The  parallel  development  of  system  and  model  is 
indicated  in  Figure  5-1,  The  process  forces  the  model 
to  progressively  conform  more  closely  to  an  accurate 
description  of  the  real  system  performance.  This  inter¬ 
action  may  be  valuable  insurance  against  the  retention 
of  erroneous  model  concepts  and  their  propagation 
into  evaluations  of  new  systems. 
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Table  V-1.  Tasks  Required  to  Evaluate  System  Effectiveness  and  Application  by  Phase  of  System  Life 


i  Phase  of  System  Life 

Task 

Conceptual 

Definition 

Acquisition 

Operational 

Minion 

Derived  from  cstab- 

Added  detail  to  assist 

Change  only  for  unlore- 

Change  only  for  untore- 

Definition 

lished  need  or 

system  design,  speci- 

seen  technical  or  threat 

seen  technical  or  threat 

requirement.  Broad 

tic  threat  and 

changes. 

changes. 

range  of  threat. 

descriptive 

environment. 

environment. 

Svstem 

Block  diaeram  with 

To  major  hardware 

Complete  detail  to  piece 

Complete  descriptive 

Description 

major  system  ele- 

end  items:  modes  of 

part  identification 

information  on  all  hard- 

ments.  simplified 

operation:  mission 

available:  operations 

ware,  procedures,  opera- 

mission  description. 

time  line  (geodesic). 

plan  and  maintenance 
task  analysis  available. 

tion  and  maintenance 
schedules,  logistics  plans 
available. 

Specification  of 

Overall  t'igure(s)  of 

A.  D.  C  elements  dc- 

A.D.  C  elements  defined 

No  change  except  to 

f  igures  of  Merit 

merit  for  complete 

fined  at  least  at  system 

at  systems,  subsystems. 

evaluate  system  in  new 

system. 

levels  with  conditions 

equipment,  module. 

environment  or  against 

and  units  of 

piece  part  levels. 

new  threat. 

measurement . 

Identification  of 

Define  to  system 

Define  to  principal  end 

Define  to  module  or 

Identify  changes  in 

Accountable 

functional  block 

items:  skill  levels  of 

part  level,  detail  support 

accountable  factor  list 

factors 

diagram  level.  Initial 

personnel,  mainte- 

and  operating  environ- 

based  on  operating 

rough  estimates. 

nance  policies. 

ments.  identify  new 

experience. 

environment. 

factors  based  on  experi¬ 
ence  during  development. 

Model 

Comparatively  simple 

Detail  to  principal 

Increased  detail  to  level 

Detail  relaxed  and/or 

Construction 

model. 

system  hardware  ele- 

required  for  program 

aggregated  to  match 

ments:  submodels  for 

control,  design  changes 

information  from  Army 

subsystems,  submodels 

management  decisions. 

and  other  service 

for  matrix  and  vector 
elements. 

supporting  systems. 

Data 

•  Generic  data. 

.  More  intensive  ex- 

.  Proofing  and  category 

.  Actual  operating, 

Acquisition 

.  Results  from  simi- 

ploitation  of  sources 

tests  at  system  and 

failure  and  mainte- 

lar  systems . 

in  prior  phase. 

equipment  levels. 

nance  data. 

.  Basic  physical  laws. 

.  Extensive  in-process 

tests  of  assemblies  and 
parts. 

Parameter 

Predicted 

Predicted 

Refined  from  incoming 

From  actual  system 

Estimates 

data. 

data. 

Model 

Sufficient  exercise  to 

Lively  exercise  in 

Exhausting  exercise  to 

Intermittent  exercise  to 

Exercise 

determine  probability 

configuration  optimi- 

maintain  effectiveness 

monitor  status,  support 

of  major  improvement 

zation  and  major 

assurance  control  over 

product  improvement 

over  alternate  oper- 

element  choice. 

system  design  and 

studies. 

ations  (or  not). 

production. 

Applications 

.  Decision  to  proceed 

.  Choice  of  major 

.  Subsystem  tradeoffs 

.  Design  changes 

to  definition  phase. 

system  elements. 

.  Component  and  part 

.  Product  improvement 

.  Choice  of 

tradeoffs 

•  Modification  of 

configuration. 

.  Suboptimizations 

support/logistics 

.  Optimization  of 

.  Measure  achievement 

.  Force  structure 

configuration. 

of  specified  overall 

decisions 

effectiveness 

.  Determination  of 

.  Form  basis  for  pro- 

obsolescence  against 

gram  management 
action. 

changing  threat. 
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Figure  5-1.  Comparison  of  Model  to  Operational  Data 


SECTION  6 

MISSIONS  OF  AIR  DEFENSE  SYSTEMS 


6.1  OVERALL  AIR  DEFENSE  MISSION 

The  overall  air  defeme  mittion  is  to  destroy  hostile 
aircraft  and  missiles,  or  to  nullify  or  reduce  their 
effectiveness.  In  forward  area  air  defense,  the  air 
defense  forces  have  the  objective  of  limiting  the  effec¬ 
tiveness  of  enemy  air  efforts  to  a  level  permitting 
freedom  of  action  of  friendly  forces  of  all  types. 

The  overall  air  defense  system  is  composed  of  a  mix 
of  manned  interceptors  and  ground-based  air  defense 
artillery  weapons. 

The  ground-based  air  defense  may  be  composed  of 
several  weapon  system  types  including  ground  to  air 
missiles  and  predicted  Are  systems  (guns  or  unguided 
rockets). 

6.2  MI88ION6  OF  LOW  ALTITUDE  AIR 

DEFENSE  SYSTEMS 

Low  altitude  air  defense  systems  may  include  both 
guided  missiles  (such  as  Chaparral)  and  automatic 
weapons  (such  as  Vulcan).  These  may  be  categorized  as 
‘guided  missile  systems'  and  ‘predicted  Are  systems'. 
The  latter  category  then  includes  predicted  Are  un¬ 
guided  rocket  systems  such  as  Javelot, 

The  missions  of  predicted  Are  systems  may  be  fur¬ 
ther  detiiled 


a.  Limited  ana  defense, 

b.  Vital  ana  dtftnst. 

c.  Small  unit  dtftnst,  This  includes  defense  in  posi¬ 
tion  and  on  the  move. 

d.  Ground  support,  Use  of  predicted  Are  air  defense 
weapons  against  ground  targets  is  a  secondary 
mission. 

6.3  INTERRELATIONSHIPS  AMONG  AIR 

DEFENSE  SYSTEM  COMPONENTS  / 

The  function  of  manned  interceptors  and  area  de-  / 
fense  surface  to  air  missiles  is  to  project  the  air  defense 
to  high  altitude  and  over  enemy  dominated  terrain. 

Terrain  variations  limit  the  area  coverage  of  a  long 
range  surface  to  air  missile  Are  unit  against  very  low 
flying  aircraft,  and  low  altitude  air  defense  systems 
provide  a  complementary  capability  to  complete  the 
defense  coverage  economically.  In  addition  they  allow 
augmentation  of  the  overall  defense  effectiveness  in  the 
immediate  vicinity  of  vital  areas  and  groupd  units 
exposed  to  enemy  air  attack  while  in  motion. 

6.4  ORGANIZATION 

Organizations  of  typical  air  defense  organizations  as 
well  as  more  detailed  discussion  of  missions  and  inter¬ 
actions  with  threat  characteristics  were  presented  in  the 
AFAADS-I  report,  to  which  reference  is  made. 
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SECTION  7 

GENERAL  CHARACTERISTICS  OF  PREDICTED  FIRE  AIR  DEFENSE  SYSTEMS 


To  provide  a  context  for  system  evaluation  a  brief 
review  of  trend*  in  threat  characteristic*,  and  predicted 
fire  unit  characteristic*  i*  informative  in  defining  the 
range  of  conditions  and  relevant  parameter*  for  con¬ 
sideration  in  the  evaluation. 

The  discussion  of  defense  system  trends  is  based  on 
a  comparison  against  threat  changes.  It  provides  a 
basis  for  a  judgemental  answer  to  the  question,  'Has 
the  defense  capability  kept  up  with  the  increase  in 
threat  capability?' 

7.1  CHANGES  IN  THI  TNRBAT 

Some  of  the  changes  in  the  threat  presented  to  low 
altitude  air  defense  systems  over  the  years  are  the 
following: 

a.  Targe:  speed.  Aircraft  speed  has  increased  stead¬ 
ily  with  time,  although  the  increase  at  low  alti¬ 
tude  hae  been  less  rapid  than  the  increase  at  high 
altitude.  Some  targets  flying  in  excess  of  Mach  1 
can  be  reasonably  expected. 

b.  Terrain  following.  'Contour  chasing*  has  always 
been  a  tactic  for  postponing  detection  by  the 
defense  until  the  aefenrs  reaction  time  exceeds 
the  target  exposure  time.  As  speed  increases, 
terrain  following  requires  automatic  equipment 
in  the  aircraft,  but  in  addition  to  shortening  the 
exposure  time,  conformity  to  terrain  causes  the 
aircraft  to  fly  an  irregular  and  less  predictable 
flight  path. 

c.  'Fret  maneuver'  bombslghts,  Fire  control  for  un¬ 
guided  air  launched  munitions  is  available  which 
allows  the  aircraft  to  maneuver  moderately  dur¬ 
ing  the  approach,  with  a  very  short  Interval  of 
constrained  flight  to  match  the  sight  index  at 
weapon  release. 

d.  Night  and  all-weather  attack  capability.  Sensors 
are  available  to  allow  the  aircraft  to  locate  and 
attack  its  target  at  night  and  in  bad  weather 
when  the  target  cannot  be  acquired  visually.  In 
addition,  bombing  under  remote  control  or  a 
ground  radar  has  been  available  since  World 
War  II. 

e.  Stand-off  Weapons.  Air  to  surface  weapons  with 
various  forms  of  terminal  guidance  are  available, 
which  allow  the  aircraft  to  launch  outside  the 
effective  defense  tone  of  local  defenses,  or,  at 
most,  to  make  a  minimal  penetration  of  the 
defense,  In  recent  months,  air  to  surface  weapons 
with  terminal  guidance  have  demonstrated  accu¬ 
racies  in  combat  operations  in  Southeast  Asia 
which  suggest  that  they  may  represent  the  lowest 
cost  method  of  destroying  small,  hard  targets 


such  as  bridges  by  air  attack,  even  in  the  absence 
of  air  defense. 

f,  Use  of  Helicopters  and  VTOL  Aircraft,  The  low 
speetf  of  the  helicopter  allows  it  to  approach 
using  maximum  terrain  cover,  hover  for  release 
of  weapon  and  withdraw  quickly,  with  minimum 
exposure,  The  difficulty  of  detecting  its  approach 
from  a  ground  site  approaches  the  difficulty  of 
detecting  the  approach  of  a  ground  vehicle.  The 
VTOL  type  of  aircraft  may  introduce  similar 
problems  for  the  defense. 

g.  Reduction  In  aircraft  vulnerability  to  hits,  Very 
high  speed  aircraft  are  designed  for  higher 
stresses  than  low  speed  aircraft.  Although  Tt  is 
known  that  even  the  fastest  modern  aircraft  have 
(rarely)  been  brought  down  by  rifle  fire,  it  is 
conjectured  that  on  the  average  the  probability 
that  a  hit  of  a  specified  caliber  will  bring  down 
an  aircraft  has  decreased  slowly  over  the  years.  It 
could  be  reduced  even  more  drastically  by  special 
attention  in  the  design  stage  to  vulnerability. 

Note  that  all  of  the  ‘improvements'  which  make  the 
threat  more  difficult  to  deal  with  tend  to  increase  the 
cost  of  the  aircraft  and  its  munitions.  In  the  absence  of 
air  defense  the  enemy  can  use  relatively  inexpensive 
delivery  vehicles  and  munitions.  Since  it  is  unlikely 
that  his  full  force  will  have  all-weather  and  other 
expensive  capabilities,  a  local  air  defense  can  restrict 
his  attack  options. 

7,2  TRENDS  IN  PERFORMANCE  OF  PRIDICTKD 
FIRI  SYSTEMS 

Some  of  the  most  conspicuous  descriptors  of  antiair¬ 
craft  gun  systems  are: 

u,  Caliber, 

b.  Rate  of  fire, 

c.  Number  of  guns  on  mount. 

d.  Muzzle  velocity. 

e.  Time  of  flight  to  specified  range  (or  range  to 
sonic  projectile  velocity). 

f.  Angular  tracking  error. 

g.  Range  tracking  error. 

h.  Maximum  angular  velocity  of  tracking/gun  lay¬ 
ing, 

i.  Maximum  angular  acceleration  of  tracking/gun 
laying. 

j.  Tracking  sensor  types  and  characteristics. 
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k.  Prediction  error  against  'typical  target'  (a  very 
ill-defined  index). 

l.  Type  of  mount  (towed,  self-propelled), 

m.  Principal  tracking  mode  (manual  or  automatic). 

n.  Fire  Control  Computation 

(1)  inputs  used, 

(2)  Data  smoothing,  prediction  and  other  compu- 
tational  algorithms. 

o.  Method  of  surveillance,  and  initial  target  detec¬ 
tion. 

p.  Type  of  IFF. 

q.  Fire  unit  weight  (in  firing  position,  in  travel 
position), 

r.  Transport  or  tow  vehicle  (wheels  or  tracks). 

s.  Stabilization. 

The  way  in  which  some  of  these  descriptors  have 
varied  with  time  in  response  to  the  changing  threat  is 
sketched  below.  In  addition,  the  interrelationship  with 
threat  capability  is  indicated,  A  simple  combat  situa¬ 
tion  is  used  for  reference. 

To  avoid  dealing  in  generalities,  data  on  specific 
predicted  fire  systems  is  presented  where  it  is  available, 
The  data  is  put  in  tabular  form  so  that  the  reader  can 
fill  in  missing  entries,  or  correct  those  which  may  have 
been  erroneously  given  in  sources  available  to  the 
writer, 

7.2.1  Taotloal  Situation 

Consider  the  idealized  situation  of  Figure  7-1,  which 
depicts  an  aircraft  flying  a  low  level  pass  over  u 
defended  target  using  a  'laydown',  or  retro-fired 
weapon,  or  conducting  a  strafing  attack,  This  type  of 
attack  is  considered  by  one  analyst  to  bn  the  only  one 
possible  for  a  manned  aircraft  in  a  European  combat 
environment  where 

‘The  British  view  on  both  dive  and  toss  bombing  is 
that  both  methods  are  too  dangerous  for  use  in  Europe 
as  any  aircraft  that  gains  any  height  at  all  will  almost 
certainly  be  shot  down.  Their  policy  for  a  European 
war  is  therefore  to  use  the  laydown  method  whenever 
possible." 

The  objective  of  the  defense  is  to  destroy  the  aircraft 
before  it  reaches  the  point  of  munitions  release, 

We  consider  this  generic  type  of  engagement  in  a 
historical  context,  with  the  maximum  aircraft  speed 
increasing  progressively  over  the  years. 

7.2.2  Angular  Velocity  and  Acceleration 
Requirements 

To  maintain  its  capability  against  ever  faster  targets, 
the  ability  of  the  defending  fire  unit  to  track  and  aim 


its  weapons  is  associated  with  increasing  requirements 
for  maximum  angular  velocity  and  acceleration.  If  the 
minimum  crossing  range  is  kept  constant,  the  maxi¬ 
mum  angular  velocity  is  proportional  to  target  velocity, 
and  the  maximum  angular  acceleration  is  proportional 
to  velocity  squared,  The  torque  required  to  rotate  the 
mount  is  proportional  to  angular  acceleration  (inertia) 
and  angular  velocity  squared  (friction),  hence  to  target 
velocity  squared.  The  power  to  drive  the  mount  is 
proportional  to  torque  multiplied  by  angular  velocity, 
hence  to  target  velocity  cubed. 

The  power  required  by  the  aircraft  to  achieve  a 
given  sea  level  velocity  increases  about  as  its  velocity 
cubed  at  least  to  about  Mach  0.9.  Over  the  years 
reduction  in  aircraft  drag  coefficient  has  tended  to 
counterbalance  the  effect  of  drag  rise  at  sonic  speeds, 
so  that  in  fact  as  maximum  sea  level  velocity  has 
increased,  aircraft  power  has  increased  as  about  the 
cube  of  velocity. 

It  is  interesting  that  the  antiaircraft  fire  unit  must 
therefore  have  a  peak  power  capability  for  tracking 
directly  related  to  the  propulsive  power  of  its  target. 

The  ability  of  manually  powered  mounts  to  provide 
this  power  has  long  been  passed.  Table  VII- 1  provides 
a  brief  comparison  of  some  obsolescent  and  current 
power  driven  antiaircraft  gun  mounts."  Note  in  par¬ 
ticular  the  120°/second  maximum  angular  traverse 
velocity  of  the  modern  Oerlikon  twin-35  mm  turret. 

7.2.3  Reaction  Time 

Referring  to  the  situation  Agure,  it  is  assumed  that 
the  target  exposure  distance  X,,  and  the  distance  from 
first  exposure  to  weapon  release  are  terrain  dependent. 
It  is  also  assumed  that  the  provision  of  terrain  follow¬ 
ing  radar  and  control  equipment  in  the  aircraft  have 
allowed  it  to  fly  at  increasing  speed  without  increasing 
its  minimum  altitude  above  terrain. 

Any  extension  of  the  detection,  identification  and 
acquisition  interval  will  shorten  the  firing  interval. 
However,  human  reaction  times  have  not  shortened 
over  the  years.  The  shortening  of  this  phase  of  system 
reaction  lime  has  beer  approached  by: 

a.  Provision  of  a  separate  surveillance  radar  and  a 
device  on  the  fire  unit  designating  target  azimuth 
and  range  to  the  human  operator  (U.S.  Vulcan/ 
FAAR  radar  with  TADD). 

b.  Surveillance  radar  on  the  fire  unit  with  automatic 
target  detection,  threat  evaluation  and  turret  po¬ 
sitioning  in  azimuth  with  subsequent  acquisition 
and  tracking  visually  by  the  gunner.  (French 
twin  30-mm  turret  on  AMX  chassis  with  Ceil 
Noir  radar,) 

c.  Provision  of  a  surveillance  radar  on  the  mount 
with  automatic  detection  (if  desired)  and  alarm, 
IFF,  and  automatic  acquisition  of  the  target  by 
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Figure  7*1.  Event  Sequence  in  Detente  Againit  Laydown  or  Retro  Weapon  Delivery 


un  on-mount  tracking  radar.  (Swiu  Oerlikon/ 
Contravei  5PFZ  systems.) 

d.  Off  carriage  vehicle  or  vehicles  with  search  and 
track  radars  Are  control  to  direct  several  guns  at 
the  tame  target.  (Netherlands:  Slgnall  L4/S  sys¬ 
tem;  French:  Eldorado-Mirador  system;  Swiss: 
Skyguard,  successor  to  Superfledermaus.) 

e.  Separate  vehicle  with  surveillance  radar,  track 
while  scan  capability  on  12  targets,  IFF,  auto¬ 
matic  track  initiation  option,  automatic  threat 
evaluation  and  assignment  to  best  sited  Are  unit, 
and  automatic  target  acquisition  by  radar  on 
assigned  Are  unit  (automatic/manual  modes  in 
all  cases).  (French  Crptale,  This  surveillance  unit 
is  intended  for  use  with  missile  Are  units  but  the 
problem  is  identical  for  predicted  Are  weapon 
target  acquisition.) 

Reaction  time  from  target  appearance  to  acquisition 
by  the  tracker  of  the  Are  unit  should  shorten  generally 
as  one  moves  down  this  list.  However,  many  current 
systems  such  as  the  British  Falcon  and  the  light  Rhein- 
metall  twin  20-mm,  and  some  of  the  light  Hispano 
Suiza  mounts  perform  the  detection,  identification  and 
acquisition  process  with  the  Mk  I  eyeball  and  the 
relatively  invariant  time  required  will  cause  the  acqui¬ 
sition  interval  to  seriously  encroach  on  the  Aring  inter¬ 
val  for  these  weapons, 


7.2.4  Volume  of  Fire 

For  a  given  Aring  distance,  the  maximum  number  of 
rounds  that  con  be  Ared  depends  on  the  ratio  of  rate  of 
Are  to  target  speed.  To  a  limited  degree  an  additional 
increase  in  rate  of  Are  will  compensate  for  a  shorten¬ 
ing  of  the  Aring  distance  caused  by  Insufficient  reduc¬ 
tion  in  target  acquisition  time. 

Figure  7-2  compares  rate  of  Are  on  antiaircraft 
automatic  weapons  and  guns  plotted  against  caliber, 
with  two  bands  identifying  World  War  II  designs  and 
current  designs.  For  single  tube  weapons  available  rate 
of  Are  in  a  given  caliber  has  increased  at  about  the 
same  rate  as  maximum  sea  level  speed  of  Axed  wing 
aircraft. 

In  addition,  the  Gatling  design  allows  a  compact 
installation  with  weight  and  space  savings  over  a 
multiple  gun  installation  of  the  same  caliber  and  total 
rate  of  Are,  The  Mauser  revolver  mechanism  (not 
plotted)  delivers  with  two  tubes  a  performance  between 
that  shown  for  the  o  barrel  Gatlings  and  the  single 
tube  weapons.  At  present  it  is  used  only  in  aircraft 
installations, 

in  general,  increase  in  available  rate  of  Are  in  any 
given  caliber  has  at  least  matched  the  increase  in 
maximum  aircraft  velocity  at  low  altitude, 
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Table  VII- 1.  Angular  Velocity  and  Acceleration  Capabilities  of  Fire  Units 
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A  problem  generated  by  high  rate  of  fire,  however, 
is  that  of  reload  time  for  the  ammunition  feed  system. 
This  is  discussed  at  length  later  in  the  report.  Under 
sustained,  multiple  attacks  with  short  intervals  between 
attackers,  reload  time  substantially  reduces  the  firing 
rate  averaged  over  many  attacks.  It  appears  that  much 
of  the  gain  in  maximum  rate  of  fire  nas  been  negated 
by  a  less  than  proportionate  increase  in  rate  of  reload¬ 
ing, 

7,2.6  Aoeureoy  of  Fire 

The  weapon  characteristic  with  the  highest  payoff  in 
terms  of  effectiveness  is  almost  invariably  accuracy.  It 
is  difficult  to  observe  trends  in  accuracy  because  of  the 
classification  usually  associated  with  this  parameter 
and  the  consequent  difficulty  in  locating  and  collecting 
data.  Using  this  as  an  excuse  we  begin  with  informa¬ 
tion  from  the  distant  (and  unclassified  past)  to  observe 
that  the  antiaircraft  predicted  fire  systems  have  in  fact, 
over  the  years,  been  able  to  maintain  and  improve 
their  accuracy  with  time  against  ever  faster  targets, 
provided  only  that  in  each  era  they  used  the  nest 
available  technology. 

Predicted  fire  requires  present  position  dutu  to  begin 
with,  Optical  tracking  has  always  been  a  means  (in  the 
early  days  the  only  means)  of  getting  ungular  data, 
und  subject  to  visibility  limitations  it  has  been  good  to 
excellent,  except  in  those  regions  where  high  angular 
velocities  and  accelerations  exceed  the  operator's  abil¬ 
ity,  Range  was  obtained  from  multistation  angular 
tracking  in  the  beginning4  (Figure  7-3)  then  from 
stereoscopic  or  coincidence  optical  range  finders4  (Fig¬ 
ure  7-4)  and  in  World  War  II  by  radar  (Figures  7-3, 
7-6),  which  also  provided  angular  information  that 
quickly  became  satisfactory  as  a  fire  control  input. 

With  time  fuzed  ammunition,  range  errors  were 
much  more  important  than  with  impact  or  VT  fuzes, 
The  optical  range  finders  developed  range  measure¬ 
ment  errors  of  from  I  to  2%  of  runge.  Using  this 
information  however,  against  100  mph  targets  in 
1930,  the  predicted  fire  systems  of  that  era  developed 
vector  errors  of  burst  location  of  from  1,1.  to  3,6%  of 
range  us  shown  in  Table  VII-2n .  The  adequacy  of  the 
fire  control  computation  itself  is  indicated  by  the  fact 
that  azimuth  error  averaged  from  4  to  10  mils. 

In  the  same  era,  U.S,  tests  summarized  in  Table  VII- 
3  indicated  a  mean  absolute  angular  error  of  about  7 
mils  against  100  mph  targets,  Tne  Aberdeen  estimates 
were  originally  derived  by  tabulating  absolute  errors  in 
firing  azimuth  and  elevation  against  angular  velocity 
and  fitting  a  linear  relation4,  Tne  maximum  recorded 
ungular  velocity  was  about  32  mils  per  second,  Target 
speed  is  believed  to  have  been  about  30  yards/sec,  (100 
mph),  For  an  average  shell  speed  or  about  2000  f/s, 
maximum  lead  would  have  been  about  73  mils,  and  so 
the  above  rate  errors  correspond  roughly  to  7  mils  at 
midpoint,  and  less  at  angles  of  midpoint. 


By  World  War  II,  both  proving  ground  and  combat 
data  indicated  that  predicted  fire  systems  could  achieve 
'standard  angular  errors'  of  about  6  mils  at  5000  yards 
increasing  both  below  and  above  that  range  as  ,-hown 
in  Figure  7-7*.  British  data  taken  against  the  V>!  flying 
bomb  indicated  performance  at  the  same  .dnge  of 
from  9  to  1 4  mils,  Errors  at  very  long  ranges  against 
freely  maneuvering  targets  were,  of  course,  very  large. 

Figure  7-7  shows  the  ‘standard  angular  error'  in 
mils  versus  range  of  some  of  the  best  World  War  II 
medium  antiaircraft  gun  systems.  The  data  for  the 
Army  90-mm  and  120-mm  weapons  were  derived 
from  Artillery  School  firings  at  Fort  Bliss  at  the  close 
of  the  war,  and  the  Navy  data  Is  estimated  from 
'splash*  records  of  firings  in  combat  in  defense  against 
Kamikaze  aircraft, 

Figure  7-8  shows  data  in  comparable  form  for  Brit¬ 
ish  systems.  Firings  against  the  V-l  'Flying  Bomb’ 
were  with  SCR-584  radar  tracking,  the  No.  10  Predic¬ 
tor,  and  the  British  3.7  inch  Qun.  The  estimated  curves 
were  developed  by  un  operational  research  group  for 
defense  planning  with  the  3.7  inch  gun  aginst  conven¬ 
tional  bombers.  Note  the  very  large  errors  recorded 
from  ground  plan  plots  of  errors  observed  in  firings 
with  tne  5.25-inch  gun,  QL-11IB  radar  und  No.  10 
Predictor  ugainst  freely  maneuvering  'tip  and  run’ 
raiders  after  the  Buttle  of  Britain. 

In  most  of  the  plotted  curves  there  is  u  tendency  for 
the  mil  error  to  vary  inversely  with  slant  range  ut  short 
ranges,  so  that  the  error  in  linear  measure  (such  as 
yurus)  tends  to  be  independent  of  range. 

This  appears  to  be  u  characteristic  of  the  problem. 
When  the  target  is  dose,  both  man  and  radar  tend  to 
wander  over  an  urea  proportional  to  the  target  size. 
The  error  will  increuse  at  a  fur  greater  rate  at  short 
ranges  If  it  is  also  associated  with  nigh  ungular  deriva¬ 
tives  or  tracking  However,  this  source  of  degradation 
(minimal  i  i  the  WW-II  curves)  cun  he  minimized  hy 
regenerative  tracking  systems.  Although  planned  for 
Vigilante,  such  regenerative  assist  Is  not  now  Included 
in  any  U.S.  Army  design  but  is  indicated  to  be  used  in 
the  Super-Flodermaus,  und  possibly  the  Eldorado/ 
Mirudor  equipment. 

The  convergence  of  optical  tracking  error  to  a  linear 
magnitude  at  extremely  short  range  und  low  angular 
tracking  derivatives  is  demonstrated  in  Figure  7-9 
developed  from  gun  camera  data  on  fighters  in  tail 
attacks  on  WW-lf  bombers',  The  ordinate  is  the  radius 
of  the  circle  containing  30%  of  the  measurements, 

An  impression  of  the  improvement  of  angular  track¬ 
ing  capability  with  time  more  indicative  of  short  range 
capability  is  displayed  in  Figure  7-10.  These  are  esti¬ 
mated  for  a  target  dimension  of  20  meters  perpendicu¬ 
lar  to  the  line  of  sight,  and  imply  some  data  process- 
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Figure  7-3.  Error*  of  Multistation  Optical  Range  Finding  Systems  (1937) 


aoe7i>23» 


ing,  the  efficiency  of  which  depends  on  the  band  width 
of  the  sensor  error  spectrum, 

Operational  accuracies  of  current  systems  can  prob¬ 
ably  be  found  in  the  classified  literature  and  will  not  be 
listed  here.  However,  it  may  be  noted  that  for  antiair¬ 
craft  fire,  Vulcan  has  intentional  artificial  dispersion 
with  a  pattern  18  mils  by  6  mils. 

The  published  accuracy  of  the  Swiss  Super-Fleder- 
maus  is1 

'50%  aiming  error  in  tactical  operation  against 
fast  flying  jet  aircraft  less  than  3  mils'  (Complete 
sysiem) 


A  report  on  the  AROO  NA9  Fire  Control  system* 
for  the  Italian  Navy  states  ‘with  a  target  approaching 
at  speeds  up  to  1340  mph  and  an  angular  velocity  of 
6° /sec  the  average  miss  distance  at  ranges  between 
1000  and  4300  meters  is  of  the  order  of  8  meters.' 
This  corresponds  to  about  4  mils. 

It  seems  reasonable  to  infer  that  using  the  best 
current  technology  a  predicted  fire  system  can  be  de¬ 
signed  to  perform  against  a  target  which  is  not  deliber¬ 
ately  evading  with  a  CEP  of  no  more  than  3  mils  at 
long  ranges,  or  3  yards  at  short  ranges  (i.e„  better  than 
3  mils  or  3  yards,  whichever  is  least,  range),  and  that, 
in  fact,  some  current  systems  may  already  have  this 
capability. 
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Figure  7-4.  Errors  of  Sfereoscoplc/Opticai  Range  Finders  (1937) 


With  current  digital  computer  and  servomechanism 
technology,  it  should  be  possible  to  build  a  predicted 
fire  system  which  is  limited  only  by  the  predictability 
or  the  target  path.  For  targets  attempting  to  carry  out 
tactical  missions  (as  opposed  to  the  high  altitude  'tip 
and  run'  nuisance  raids  over  London  In  World  War 
II),  this  predictability  is  usefully  high.  Unfortunately 
no  statistical  data  on  targets  on  attack  paths  is  at  hand 
for  display  at  this  point. 

An  attempt  has  been  made  in  Figure  7-11  to  com¬ 
pare  the  growth  in  accuracy  of  predicted  fire  systems 
against  targets  which  are  neither  intentionally  'jinking' 
nor  attempting  to  fly  a  precise  unaccelerated  path.  The 
curve  represented  by  the  ‘best  1972  technology'  would 


require  precise  system  boresighting  and  calibration, 
and  effectiveness  would  be  limited  by  the  target  expo¬ 
sure  time  and  the  duration  of  predictable  path  seg¬ 
ments. 

7,2.6  Muule  Velocity 

Improvement  in  weapon  muzzle  velocity  is  a  high 
payoff  area  for  predicted  fire  weapons,  provided  that  it 
is  associated  with  excellent  present  position  tracking 
information. 

An  approximate  expression  relating  the  variance  of 
prediction  error  resulting  from  tracking  error  to  vari¬ 
ance  of  tracking  error  is 
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y  *  fft2  [i  + VT*  +  2VT*)2] 


where 

tp  ■  time  of  flight 

T,  ■  data  smoothing  time.  (7,1) 


This  is  an  upper  limit.  It  should  always  be  possible 
to  do  better  than  this. 

Referring  again  to  the  situation  representation  of 
Figure  7-1,  to  keep  the  solution  settling  distance  X, 
from  expanding  as  target  speed  increases,  settling  time 
must  be  reduced  in  inverse  proportion  to  target  veloc¬ 
ity,  From  the  above  equation,  this  can  be  accomplished 
without  degradation  of  prediction  error  only  if  time  of 
flight  is  shortened  in  the  same  proportion. 

Although  available  muzzle  velocity  has  increased 
steadily  with  time,  its  growth  has  not  been  propor¬ 
tional  to  target  velocity,  The  trends  are  shown  in 
Figure  7-12,  Antiaircraft  guns  had  muzzle  velocities  of 
about  2600  f /s  as  early  as  WW  1.  The  highest  current 
muzzle  velocity  is  that  of  the  Oerlikon  33-mm  gun 
which  is  3870  f/s* 

The  possibility  of  firing  sub-caliber  projectiles  at 
hypervelocities  was  explored  intensively  for  large  cali¬ 
ber  antiaircraft  guns  during  and  subsequent  to  WW  II 
but  the  development  was  terminated  with  the  advent  of 
the  guided  missile. 

The  maximum  lead  angle  required  of  a  predicted 
Are  system  occurs  near  minimum  slant  range  and  is 
given  by 

sin  A  *>  v/va  (7.2) 


where  v  is  target  velocity,  and  v,  is  average  projectile 
velocity.  The  maximum  lead  angle  required  has  in¬ 
creased  steadily  with  time. 

Since  prediction  error  against  a  maneuvering  target 
can  increase  with  time  of  flight  much  more  rapidly 
than  the  linear  function  indicated  above  for  a  non¬ 
maneuvering  target,  the  payofT  against  even  mild  ma¬ 
neuvers  for  increased  muzzle  velocity  is  expected  to  be 
significant,  as  shown  later  in  this  report.  The  continued 
improvement  of  Are  control  systems  in  the  aircraft 
itself  will  allow  progressive  freedom  of  maneuver  even 
in  delivering  unguided  munitions  and  this  can  best  be 
countered  by  increased  muzzle  velocity,  in  the  case  of 
predicted  Arc  weapons, 

Consequently,  it  appears  that  a  principal  deflciency 
in  improvement  of  antiaircraft  gun  capability  with 
time  has  been  the  relatively  slow  increase  in  available 
muzzle  velocity. 


7.2.7  Exterior  Balliatloa 

The  ability  of  projecdle  designers  to  develop  projec¬ 
tiles  with  excellent  exterior  ballistics  has  improved  over 
the  years,  although  this  achievement  is  more  difficult  to 
display  simply  than  in  the  case  of  maximum  rate  of 
Are,  for  example.  Nevertheless  this  section  attempts  to 
summarize  this  improvement. 

The  design  region  in  which  the  projectile  designer 
can  operate  is  limited,  in  the  case  of  spinning  projec¬ 
tiles,  by  the  interactions  of  requirements  that  the 
projectile  be  stable,  yet  orient  itself  properly  along  a 
curving  trajectory,  with  the  projectile  mass  distribution 
and  shape. 

Rather  undesirable  exterior  ballistic  characteristics 
are  sometime  obtained  when  a  projectile  originally 
designed  for  some  other  application  is  used  in  an 
antiaircraft  role  to  save  ammunition  development 
costs. 

Exterior  ballistic  data  from  a  number  of  sourced* 
have  been  assembled  in  Table  VIM  to  show  time  of 
flight  versus  slant  range  where  available.  The  func¬ 
tional  relationship  between  these  quantities  and  quad¬ 
rant  elevation  is  not  displayed.  For  a  first  order  ap¬ 
proximation,  for  most  antiaircraft  trajectories  the  re¬ 
duction  of  air  density  with  altitude  and  the  projectile 
acceleration  caused  by  gravity  partly  compensate  for 
each  other,  so  that  except  for  very  long  ranges  the 
elevation  effect  is  second  order. 

For  a  given  muzzle  velocity,  trajectory  data  tends  to 
scale  with  the  function  wp/iC*;  where  wp  ■  projectile 
weight,  C  -  projectile  caliber,  and  1  -  a  form  factor 
depending  on  shape.  Hence,  to  allow  data  for  a  wide 
range  of  projectile  calibers  to  be  compared  on  a  simple 
chart,  time  of  flight  and  slant  range  nave  been  divided 
by  wB/i(?. 

If  projectiles  were  geometrically  scaled  with  caliber, 
this  term  would  be  proportional  to  caliber.  The  degree 
to  which  projectiles  depart  from  homologous  scaling  is 
indicated  by  the  ratio  w,/C,  and  this  index  varies 
principally  with  the  fraction  of  projectile  weight  de¬ 
voted  to  high  explosive  or  incendiary  fllier,  and  to  a 
lesser  degree  with  projectile  shape.  A  rule  of  thumb 
estimate  can  be  obtained  from 

P  ■  (Wp/C^XlO*)  ;  Wp  in  pounds,  C  In  millimeters 

(7.3) 


P  a  0.39  ( I  •  1 .6  f)  ;  f  ■  fraction  of  weight  devoted  to 


Since  the  supersonic  drag  coefficient  decreases  with 
increasing  Mach  number,  the  percent  loss  in  projectile 
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Figure  7-5.  Reduction  in  Rader  Anguler  Tracking  Error  with  Time 
velocity  to  a  given  range  is  slightly  less  Tor  high 

muzzle  velocities  than  for  low.  In  the  following  com-  k.D/(PC) 

Eartson,  the  graphs  are  not  normalized  for  this  effect,  ktV  t  /(pc)  ■  o  -1  (7.6) 

ut  it  should  he  kept  in  mind.  1  0  P 

Normalization  of  the  tabulated  data  is  done  in  a 
form  suggested  by  the  simple  expressions  for  square 
law  drag,  for  which 

Where  V,  -  projectile  remaining  velocity,  tp  «  time  of 
•k,  D/(PC)  flight,  D  -  slant  range,  and  ki  is  a  numerical  constant, 

Vr/vo  ■  «  (7.5)  andV0  -  muzzle  velocity. 

Figure  7-13  compares  remain'ng  velocity  as  a  frac¬ 
tion  of  initial  velocity  for  several  projectiles.  This  data 
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Figure  7-8.  Reduction  in  Radar  Ranga  Error  with  Tima 
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was  replotted  from  graphs  furnished  by  Frenkford 
Arsenal.  A  portion  of  the  vary  larges  difference  between 
the  Hispano  Suita  and  the  M61  20-mm  rounds  in  the 
original  graphs  is  explained  by  the  lighter  weight  of 
the  M6I.  A  small  part  of  the  remaining  difference  in 
Figure  7*13  may  be  explained  by  the  higher  muzzle 
velocity  of  the  HS  round,  but  the  remainder  suggests 
poorer  than  average  shape,  and  possibly  stability  of  the 


The  very  large  difference  between  the  original  Vlgi- 
lante  round  and  that  estimated  in  a  design  study  of  a 
new  round  is  almost  completely  attributable  to  better 
shape  (boat*tail)  and  omission  of  the  rotating  band. 


The  33-mm  Oerlikon  round  appears  to  have  the  best 
ballistics  of  any  past  or  current  antiaircraft  projectile. 

Time  of  (light  and  range  are  compared  for  those 
projectiles  for  which  data  is  given  in  Table  VIM,  in 
Figure  7-14.  It  is  clear  that  for  well  designed  projec¬ 
tiles,  the  time  of  flight/slant  range  relationship  is 
almost  completely  determined  by  muzzle  velocity,  cali¬ 
ber  and  projectile  weight,  but  that  careful  attention  to 
drag  may  yield  an  additional  10  to  20%  reduction  in 
time  of  flight  to  ranges  given  approximately  by 


Range  (kilometers)  ■  Caliber  (mm)/!0 
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Table  VH-2,  Antiaircraft  Firing  Teat  Ruulta  at  Toulon,  Franca,  3-3  February  1132 


t  ire  Control 

Gamma 

-  Jutuii 

Schneider 

Range  Band 
(meters) 
or  mean 

Vector  Error 
(meteri) 

Veetor  Error 
(%  of  range) 

Veetor  Error 
(meteri) 

Veetor  Error 
(%  of  range) 

Aiimuth  Error 
(MUD 

25004300 

88 

2.6 

5.3 

2500 

90 

3,6 

38004600 

63 

1.5 

9.3 

4300 

95 

2.3 

42004800 

112 

2,5 

4.2 

4500 

so 

1,1 

5000-3600 

133 

2.5 

5.3 

54  00 

80 

1.5 

NOTES:  Target  speed  wai  "up  to  SO  meton/iec"  (110  mph), 


Target  altitude  wai  “up  to  3000  metori", 


Table  VII -3.  Antiaircraft  Fira  Control  Equipment  Test 
]  Results  at  Aberdeen  Proving  Ground,  1933 


Director 

(Computer) 

Mean  Frictional 

Error  In  Angular  Velocity 

R.  A.  Corrector 

0.097 

T4  (Sperry) 

0.099 

Ml  (Vlckera) 

0.101 

M1A1  (Vickers) 

0.123 

M2  (Sperry) 

0.166 

30871400 


Figure  7~7,  U  S.  Antiaircraft  Gun  Pertormence,  WW-II  Period 


Figure  7-8.  U,K.  Amlilrcrift  Qun  PerforminM,  WW-I!  Period 
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Figure  7-11.  Eitlmited  Growth  in  Accuracy  of  Predicted  Fire  Syitomi 


Weapon  or 

Muula  Velocity 

Projectile 

P«|,  Wt/Cil3 
(Lb/mm3  x  10) 

Time  of  Flight 

Range 

Caliber 

Pro),  Model 

(meteri/iec) 

Weight  (Ibi) 

(**c) 

(meten) 

20  mm 

AMU  621 

1010 

0,22 

0.271 

1.45 

1000 

RH  202 

1070 

0.268 

0.331 

1,4 

1200 

3,4 

2000 

HS  820 

1070 

0,268 

0,331 

M61 

1020 

0218 

0,273 

10  mm 

HS  111 

1070 

092 

0,349 

1.07 

1000 

4.M 

3048 

11  mm 

Oorlikon  L/90 

1171 

1,20 

0.280 

— 

37  mm 

Vigilante 

910 

1.61 

0,327 

4.00 

6.00 

8,00 

3694 

1090 

1.60 

0.317 

2.00 

11 

4.00 

■’M  hWm 

6.00 

4023 

8.00 

4711 

40  mm 

M2AI 

873 

1.96 

0.307 

2.0 

1380 

L/70  Bofori 

1001 

2.11 

0.331 

2.4 

2000 

8.0 

4670 

37  mm 

L/70  Bofnri 

1021 

5,3 

0.287 

3.8 

3000 

76  mm 

L/10  Bofori 

871 

13,0 

0.298 

13.0 

6000 

88  mm 

Qurman  WW-II 

820 

19,8 

0.290 

|H|| 

4000 

6000 

18.22 

8000 

26  22 

10,000 

VO  mm 

Mg,  WW-II 

833 

23,4 

0.320 

mim 

be.  r« 

28.0 

11,000  1 

120  mm 

M1A3,  WW-II 

941 

10,0 

0289 

3.1 

6.0 

12.1 

16.1 

10,100 

21.1 

11,900 

26.8 

13,700 

29.8 

14,600 

1 

46.3 

0.268 

21.7 

10,000 

L/30  Bofori 

900 

46.3 

0.268 

19.0 

10,000 

7.19 


20171-601 
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Figure  7-13.  Fraction  of  Initial  Velocity  Venue  Range  Index 


The  filler  weight  of  the  Oerllkon  projectile  is  not  on 
hand,  but  the  value  of  Wp/C3  For  this  round  suggests 
that  it  mav  carry  over  20%  of  high  explosive  by 
weight.  This  would  produce  a  higher  terminal  effec¬ 
tiveness  than  that  of  the  Vigilante  round,  and  the  fact 
that  the  Oerlikon  projectile  is  fired  at  a  muzzle  velocity 
of  1160  meters  per  second  (from  an  L/90  gun)  sug¬ 
gests  careful  attention  to  the  joint  gun /projectile  inte¬ 
rior  ballistics  and  stresses. 

7.2.8  Antiaircraft  flun  Byatem  Development  In 
the  United  State* 


The  thin  record  of  development  of  antiaircraft  gun 
systems  in  the  United  States  is  sketched  in  Figure  7-15, 
for  the  period  subsequent  to  World  War  II.  Funding 
has  been  minimal  probably  because  surface  to  air 
missiles  seemed  to  give  promise  of  greatly  exceeding 
gun  performance.  During  this  period,  U.S.  grounds 
forces  ware  not  exposed  to  significant  air  threats  in 
Korea  or  Southeast  Aisa  and  so  there  has  been  no 
combat  verification  of  the  effectiveness  of  U.S.  surface 
to  air  missiles.  In  both  wars,  however,  enemy  antiair¬ 
craft  guns  inflicted  significant  attrition  on  U.S.  high 
performance  aircraft,  and  over  North  Vietnam  losses 
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Figure  7-14.  Comparieon  of  Time  of  Flight  Veraui  Slam  Range  Characteriatlca 


of  U.S.  aircraft  to  antiaircraft  predicted  fire  weapons 
have  greatly  exceeded  losses  to  both  enemy  fighters  and 
surface  to  air  missiles.  The  record  has  been  presented 
in  other  reports  in  this  series. 

7.2.9  Characteristic!  of  Current  Pradloted  Fire 
Air  Defense  Systems 


In  order  to  provide  some  realism  for  the  analyses 
developed  in  the  present  report,  characteristics  of  cur¬ 
rent  U.S.  and  foreign  predicted  fire  air  defense  systems 
have  been  extracted  from  unclassified  sources"  and 
Field  Manuals,  and  are  presented  in  Table  VII-S  for 
towed  fire  units,  and  in  Table  VII-6  for  self-propelled 
fire  units. 
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Tabid 


Vulcan 

Rhetnmotall 

Hlapano  Suita 

Hlapano  Sulaa 

Hlapano  Sulaa 

IH'nignatlon 

MS  S 

XM-167 

RH202Mk  2 

Hit  669 

(Geneva) 

HSS  820/665 

be 

Weapon 

Quad  0.S0 

6-bbl  20  mm  Catling 

Twin  20  mm 

Single  20  mm 

Twin  34  mm 
(40  mm)  1 

Three  20  mm 

gw 

9 

Rale  of  Fire  (tpm) 

4  x  SSO 

2000 

2x  1000 

1000 

2x500 

3  x  1000 

Mur.r.le  Velocity  If/*) 

1800 

3400 

3540 

3450 

3280 

3450 

35501 

Ammo  on  Mount 

280/gun 

300  on  mount 

270/gun 

(75  (box) 

5  0/gun 

3  druma 

Boxoj 

3700  on  prime  mover 

<  50  (drum) 

(50  each) 

5  rood 

( I0(«llpi) 

Llnk/box  on 

) 

outer  gum 
(120  each) 

'■ 

Time  to  Reload 

7  mint!  min/!00rndi) 

l 

Tube  Life 

2500  rnda/bbl 

1 

Time  to  Change  Tube* 

6  tubei  In  S  min 

0.268 

0.93 

Proj.  Weight  (lb) 

0.10 

0.218 

0.26B 

Carriage  (tow) 

M20;  4-wheel 

2-whMl 

2-wheel 

2-wheel 

2-wha« 

Weight  (travel  (lb) 

2950 

31S0 

4600 

7930  (8380) 

Weight  (firing)  (lb) 

2400 

3200 

Crew 

4 

3 

Prime  Mover 

2-1/2  ton  6x6  truek 

1-1/4  ton  truek 

Truck  with  5500  lb. 

Truck 

(low  or  traniport) 

MS61.M7IS 

low  capacity 

Max.  Speed 

Tow:  lOmphroad 

Limited  by  tow 

S  mph  eroaa  country 
Traniport  t  Prime 
mover  limit 

vehicle:  up  to  44  mph 

Time  to  Convert 

Travel  to  Fire  Mode 

Gun  Drive 

Kleetric/V-belt 

Electric 

Hydroitatle 

Two  hand- 
wheeli 

Bleetrtc 

Hydraulic 

Hydra 

Power  Sourco 

On  mount 

4  On  mount  1.5  KW, 

On  mount  air  cooled 

Off  carriage 

On  mount 

On  me 

gasoline  engine 

\24  volt  gaioltne  engine 

gaiollne  engine 

Wankal  engine 

Wanka 

generator 

generator 

Power  Requirement 

0.5  KW 

Back-up  Mode 

Batteriei 

Betterlea 

Handwheeli 

e  mln/max  (0) 

-10/+90 

■S/+80 

-4/183 

-10/180 

100/50 

•5/183 

•5/183 

A/e  max  (0/iec) 

60/60 

60/45 

100/55 

X/a*max(0/iee2) 

160/160 

p  (melon) 

200-5000 

D  (meteri/iec) 

10-320 

I 


Table  VII-5,  Cheracterletict  of  Towed  Weapon*  {Sheet  1  of  2) 


Httteno  3um 
H 83  669 

Hltpino  Sum 
(Geneva) 

Hltpino  Sum 
H91 120/665 

Hltpino  Sum 
HIS  661 

Hltpino  Sulla 

OetUkon/ 

SUhrla 

Bofon 

Vigilante 

Skytweeper 

M38 

Single  20  mm 

1000 

3430 

73  (box) 

50  (drum) 

10  (dipt) 

Twin  34  mm 
(40  mm) 
2x500 

3280 

50/gun 

Thru  20  mm 

3  x  1000 

3450 

3  drumi 
(50  eieh) 
Link/box  on 
outer  gum 
(120  list!) 

■ 

Quad  30  mm 

4x650 

3545 

360 

Twin  35  mm 

2x950  ' 
3850 

i 

Single  L/70 

40  mm 

300 

3280(3900 
with  APDI) 

6-bbl  37  mm 
Oatling 

3000 

3000/(3600 

Improved) 

144  (192  max) 

2,3  min  / 

magaxlne 

Single  75  mm 

49 

2825 

0.268 

0.268 

0.93 

0.93 

1,20 

2.15 

1,65 

13.0 

2-wheel 

7930(8380) 

Truck 

2<whe*l 

11,100 

10,120 

4.wh*el 

9300 

3 

4-wheel 

11,600 

10,100 

6 

5 -wheel 

4-wheel 

20,000 

Cargo  Tractor 

27-T 

M/2  min 

5  min 

Two  hand- 

whtili 

Electric 

Hydraulic 

Hydraulic 

Hydraulic 

Hydraulic 

Hydraullo 

Off  carriage 

On  mount 
Wenkel  engine 

On  mount 
Winkel  engine 

1  motor 
generator 
per  mount 

On  mount 
gatoline  angina 
xentrator 

108  hp(max) 

42  hp  (average) 

Handwheeli 

•  10/+80 

100/50 

•S/+83 

•3/+8S 

-3/+90 

85/49 

•S/t-89 

♦6/+8S 

135/127 

22,000 

2087  U02A 
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MSS 

Vulcan 

XM-167 

Rhelnmetall 

Rit  202  Mk  2 

Hlipano  Suita 
HSS  669 

Hlipano  Sulia 
(Geneve) 

Hlipano  Suita 
HSS  820/665 

Prlmaty  lira  Control 
(Air  Target*) 

On  carrlogu 

On  carriage 

On  carriage 

On  uorrtaga 

Off  carriage 

On  carriage 

Type 

MI8  Optical  fixed 
rutlele  ration  night 

Optical  dlaiurbtd 
reticle  lead  computing 
gyroaighl  (man,  lead 
angle  23°) 

Optleal  computing 
tight  (analog) 

Optical 

H5S  Kern  722 

Optical 

Oilllto  P-36 

Angular  data 

Optical 

Optical 

Optleal 

Optical 

Optical 

Range  Data 

Nona 

Radar 

Eitlmated  and 
Regenaratad 

Backup  On-currlagu 

I'Tra  Control 

Nona 

h'lra  Control 
(Oround  Turgot*) 

6X  TalaKop* 

Night  vlamn  algi.t 

Teleicope 

SX  Teleicope 

Ounneri  Control  Type 

Rata,  Handlebar 

Rate,  Handlebar 

ioyatlek  with 
computer  regen. 
ratal 

Alerting  Inl'o  Display 


Non* 


TADD 
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Dciignxtlon 

MB 

Weapon 

20  mm  6  tube 

Gatling  gun  M61AI 

Rate  of  Kite 

3000 

Munalc  Velocity  <I'/S) 

3250 

Ammo  on  Mount 

1000  In  drum 

100  itored 
link  leu  feed 

Time  to  Reloid 

3  min  plua  200  rpm 

Tube  Life 

20,000/barrel 

143,000/gun 

Time  to  Chango  Tube* 

S  min  for  6  tuber 

Carriage  (Self  Propelled) 

Tracked 

XM  741  (Mod 
M1I3AI  ehaiali) 

Weight  (Iba) 

26,000 

Crew 

Horiapowcr 

4 

Ground  Prenure  (PSI) 

Range  (mllei) 

300 

Max  Speed  (MPH) 

40 

Turret  Weight  (Iba) 

2900 

Gun  Drive 

Auxiliary  Power 

Electric 

Power  Requirement 

O  S  KW 

Uack-up  Mode 

Huttcrloa 

e  mln/max 

-5/+80 

A/e  min  (°/tee) 

^  l 

A/e  max  (°/»ceJ) 

160/160 

D  (meteri) 

200-300 

t)  (melura/iee) 

10-320 

Artificial  Dluperilon 

6  x  IS  mile 

/ 


SwIh 

Oerllkon 

French 

AMX  D.C.A.  30 

Brltlih 

Falcon 

Vlekera-Hlipano 

twlaa 

(German) 

Oerllkon/ Contram 
SPFZ-B 

Swlu 

(Natharlandi) 
Oerllkon/  Contrive 
5  P1Z-C 

Quad  20  mm 

Twin  30  mm 

HSS  S31L 

Twin  30  mm 

HSS  831L 

Twin  35  mm 

Oerllkon  L/90  KDA 

Twin  33  mm 

KDA 

2x650 

2x  650 

2x550 

2x550 

2550 

3540 

3850  HG 

3950  AP 

3850  HG 

3950  AP 

300  roundi/gun 
linked 

310  roundi/gun 

330/gun 

3  30/gun 

20  min 

20  min 

Tracked 

(AMX 

ohaiili) 

Tracked 

AMX  13  AMX  30 

Traekad 

(Abbot) 

Tracked 

(Leopard  ohaiili) 

Tracked 

(Leopard  chaiili) 

31,000 

35,000 

80,000  t?) 

80,000  (7) 

3 

3 

2 

2 

312  700 

211/213 

11.6  pit 

240  (roadi) 

36  40 

30  (roadi) 

SAMM  3401A, 

Turret  13,200 

Eteotro-hydraullc 

Electric  metadyne 

None 

Separate  dleiel 

engine  and  generator 

Separate  dleiel 
engine  ind  generatoi 

None 

-B/+SS 

-10/+85 

-B/+87 

-8/+B7 

SOilew  .. 

43  track  m 
120/120 

90/30 

90/30 

1500-3800 
(Regen:  300-1500) 

Eitlniated 

30-320 

Not  applicable 
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twin 

(German) 

Swlu 

(Netherlanda) 

U.S. 

French 

Orlikon/Contravei 

5  PFZ-B 

Oerllkon/  Contrtvoi 

5  PFZ-C 

«  i 

Sweden 

Bofora 

Thomion-CSF 

Javalot 

Soviet 

ZSU-23-4 

Soviet 

ZSU-37 

Twin  35  mm 

Oerllkon  L/90  KDA 

Twin  35  mm 

KDA 

Twin  40  mm 

M2A1  L/60 

Twin  40-mm 

L/70 

Ungulded  40  mm 
rockata 

Quad  23  mm 

Twin  37  mm 

2  x  550 

2  x  550 

2  x  120 

2x325 

4  x  1000 

2  X  120 

3850  HC 

3950  AP 

3850  HO 

3950  AP 

2870 

3280 

2950 

32BO 

330/gun 

330/gun 

240  roundi/gun 
in  4  round  dipt 

425 

20  min 

20  min 

Not  Applicable 
12,000 

3  min  (after  60 
rnd  are  l>ic»  on- 
tiluae  of  hnalhgj 

Tracked 

(Leopard  chanli) 

Tricked 

(Leopard  chuiii) 

Tracked 

Tracked 

Tracked 

Tracked 
(PT-76  Unk 

chaiaia) 

Tracked 

80,000  (?) 

80,000  (?) 

49,500 

70,000 

33,600 

67,200 

2 

2 

5 

3 

300 

240  gasoline 

330  gai  turbine 

T-54  tank 
engine 

100 

23  cron  country 
45  roadi 

37 

M4E1:  6900 

Hydraulic 

Separate  (Hotel 
engine  tnd  gonerotor 

Separate  dloael 
angina  and  generator 

One  cylinder 
engine-generator 

Manual 

-8/+87 

-8/+87 

Power  Manual 

-3/+8S  -3/+B7 

-S/+-85 

0/+8S 

+2/+B7 

90/50 

90/50 

40/25  4/4 

85/45 

Not  appUeabl* 

20,000 

Not  applicable 
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Swlu 

SU 

U.S. 

Britlih 

(Carman) 

(Nethe 

Vulcan 

Swlai 

French 

Falcon 

Oarltkon/Contrana 

Oarllkon/ 

Dciignatlon 

XM-163 

Oarllkon 

AMX  D.C.A,  10 

VlekarfHlapano 

1  PKZ-B 

5  PI 

Survclllincc  Senior 

Vlaual 

Vliual 

OcUNotr  radar 

Vliual 

Slemem  MPDR-12 

Slgrtial  Ka 

RD  VC-IA  TCSF 

KaBand 

Automatic  Threat  Evaluation 

No 

Vaa 

Alerting  Into  ( Remote) 

TADD(RAID) 

Via  digital  radio  link 
and  dliplay  on  PPl 

Via  digital] 
and  dlipta) 

3 

Tracking  Senior 

Radar  atlmuth 

aequliltlon 

Angle 

Visual 

Vlaual 

Vliual 

Petiiooplc  vliual 

1  tt  50°  (laid 

Alblawark  Ka  pula* 

Slgnaal  do] 

dopplar  vliual 
altarnata 

vliual  alteri 

Range 

Radar  (Lockheed) 

Radar 

Radar 

Estimated 

Radar 

Radar 

Rag  range 

(500-1500  matin) 

Computer 

M61  lead 
computing  light 
max  lead  25“ 

Sagem  light, 
analog 

Computing  tight 

computer 

backup 

Alternate 

Altarnate 

“emergency" 

"emergenc 

computer  on  mount 

computer  i 

UK 

Gunner'i  Control 

Rate 

Joy  nick 

Slemem  MSR  400 

Slemem  M 

Fire  Control  Venui 

6X  teleicope 

Two  APX  M250 

Parlaoopa  6X; 

Ground  Target! 

night  vlilon  light 

parlwoplc 
binocular  ilghti 

10°  Held 

Muitle  Velocity 

Meaiurement 

On  mount 

On  mount 

Stabllliutlon 


Nona 


Turret 


Optical  light 


Optical  il| 
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Bnttiti 

(Osrntsn) 
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U.l. 

French 

Falcon 
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M42 

Swadan 
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Soviet 
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S  PKZ-C 

Duatar 

Bofon 

Javalot 

ZSU-23-4 

Z8U-37 

i  Visual 

Sbmsni  MPDR-12 

Signal  Ka  Band 

Vliual 

Radar 

Ks  Bind 

1 

No 

■ 

Vis  digital  radio  link 

Via  digital  radio  link 

1 

ind  display  on  PPI 

and  display  on  PPI 

l 

5.  totljcuplc  visual 

Albltwsrk  Ks  pula* 

Signal  doppler  Ka 

Vliual 

Radar 

\  la”  risk) 

dopplar  visual 
iltsrnits 

visual  alia  mill 

,,  Eittmitad 

Radar 

Radar 

Not  ipplloabla 

Computing  light 

Mil  computing 

Digital  computar 

[ 

light.  Couriasnd 
■paid  aitimalad 

5 

Altsrnata 

Altarnata 

Ring  light 

"amargcncy" 

“amargancy" 

|p 

compulsr  on  mount 

computar  on  mount 

[ 

Slamam  MSR  400 

Slamam  MSR  400 

1 

t| 

loy  stick 

Rata 

'••i 

‘irlieopi  «Xi 

10°  field 

On  mount 

On  mount 

Turret 

Optleal  light 

Optical  light 

Nona 
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SECTION  8 

MISSION  DESCRIPTION:  THE  BATTLEFIELD  DAY 


r 


To  provide  a  structure  in  which  to  bring  together  the 
system  performance  characteristics  for  evaluation,  it  is 
helpful  to  have  a  systematic  arrangement  of  the  proba¬ 
ble  activity  states  of  the  system. 

A  useful  approach  is  via  the  specification  of  a  ‘Bat¬ 
tlefield  Day’.  A  Battlefield  Day,  which  may  in  fact 
include  several  24  hour  consecutive  intervals,  is  a 
skeletonized  scenario  which  has  the  objective  of  insur¬ 
ing  that  the  system  under  evaluation  is  considered  and 
assessed  with  respect  to  each  of  a  number  of  functions 
that  it  must  perform  when  it  becomes  operational. 

8.1  DEVELOPMENT  OF  ELEMENTS  OF 
BATTLEFIELD  DAY 

A  definitive  Battlefield  Day  must  be  developed  by 
experienced  military  personnel,  however  a  hypothetical 
description  is  provided  at  this  point  for  illustration. 

Tne  time  span  includes  both  day  and  night.  The 
movement  schedule  includes  cross  country  movements, 
movement  on  roads,  and  periods  in  fixed  position.  The 
system  activity  stater  include  alert  status,  engagement 
of  enemy  aircraft  and  enemy  ground  targets,  and 
periods  of  no  activity  (passive). 

In  each  activity  stale  the  system  components  which 
are  activated  must  be  specified.  This  specification  is 
used  to  determine  failure  rates.  It  may  be  expected  that 
failure  rates  for  a  given  component  will  vary  depend¬ 
ing  on  whether  the  component  is  being  subjected  to 
shock  and  vibration  associated  with  vehicle  movement, 
whether  it  is  activated  in  an  alert  condition  in  a 
position  state,  or  whether  it  is  subjected  to  shock  and 
vibration  of  gun  firing  during  an  engagement. 

It  appears  possible  in  the  interests  of  simplification 
of  the  analysis  to  use  the  Battlefield  Day  primarily  for 
generating  the  system  ‘availability’  estimates  and  to 
perform  the  ‘capability’  analyses  of  combat  engage¬ 
ments  separately.  That  is,  the  system  fires  during  the 
Battlefield  Day,  but  only  the  effects  of  the  firing  on 
availability,  and  possibly  ‘dependability’  are  assessed  at 
this  point  of  the  analysis. 

Availability  and  dependability  thus  obtained  are 
then  used  in  the  overall  effectiveness  computation 
including  engagement  details  as  presented  later. 

This  procedure  allows  most  of  the  effects  of  weather 
on  the  fire  control  system  to  be  treated  in  the  engage¬ 
ment  model.  It  may  however  be  desired  to  include 
weather  in  the  Battlefield  Day  to  assess  its  effect  on 
vehicle  movement  and  fail  and  repair  rates. 

Figure  8-1  shows  elements  of  a  Battlefield  Day 
graphically. 


There  are  two  approaches  to  using  a  Battlefield  Day. 
One  is  to  take  a  deterministic  specification  of  when 
events  occur,  as  implied  by  Figure  8-1,  assume  that  the 
system  begins  the  day  with  all  components  operating, 
and  determine  its  survival  probability  at  the  end  of  the 
‘day’.  The  second  approach,  which  leads  directly  to 
availability  estimates  is  to  assume  that  the  days  are 
repeated  over  and  over  until  the  system  reaches  a 
steady  state  from  which  the  state  probabilities  can  be 
determined.  In  the  latter  case  it  is  helpful  to  specify  the 
mean  duration  of  each  tactical  activity  state  and  its 
recurrence  rate  in  statistical  terms.  This  may  require 
taking  liberties  with  the  deterministic  nature  of  day 
and  night,  when  it  is  felt  that  these  are  critical 
parameters. 

In  general,  if  one  performs  the  analysis  by  computer 
simulation,  the  approximations  needed  for  a  manage¬ 
able  manual  computation  can  be  avoided.  The  follow¬ 
ing  developments  assume  however,  that  a  first  sizing  of 
the  problem  without  use  of  a  computer  is  more  desir¬ 
able  than  the  avoidance  of  simplifying  approxima¬ 
tions. 

8.2  SYSTEM  MOVEMENT  AND  TACTICAL 
ACTIVITY  STATES 

Beginning  with  the  Battlefield  Day,  we  may  arrange 
the  system  activity  and  operational  states  in  mutually 
exclusive  sets  and  sub  sets.  The  movement  and  posi¬ 
tional  phases  are  separated,  since  they  impose  different 
stresses  on  the  system.  This  set  of  states  is  shown  in 
Figure  8-2. 

Next  we  subdivide  the  movement  and  position  states 
into  three  identical  subsets  each  as  follows,  as  shown  in 
Figure  8-3. 

a.  Combat:  Enemy  targets  have  been  delected  by 
the  defense  and  one  or  more  of  the  fire  units  in 
operational  condition  is  attempting  to  acquire  a 
target  and  open  fire,  or  is  actually  firing. 

b.  Alert:  Enemy  targets  are  expected,  all  operational 
fire  units  are  in  a  ready  state  with  power  on. 
Surveillance  modes  are  operational. 

c.  Passive:  No  enemy  targets  are  expected,  and 
scheduled  system  maintenance  and  repairs  can  be 
carried  out. 

The  complete  system  is  stressed  most  highly  in  the 
combat  mode,  moderately  in  the  alert  mode,  and  is 
under  minimal  stress  in  the  passive  mode.  Only  in  the 
passive  state  is  there  complete  freedom  to  repair  mal¬ 
functions.  In  the  combat  state  repair  would  probably 
be  limited  to  actions  requiring  very  short  time  to 
complete,  such  as  relieving  a  gun  jam.  In  the  alert 
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Figure  8-2,  System  Movement  States 


mode  malfunction  repair  might  be  limited  by  the 
desire  to  keep  the  system  ready  for  combat  in  at  least 
the  highest  mode  available  at  the  initiation  of  alert. 

In  some  situations  the  system  may  be  under  enemy 
artillery  Are  which  would  limit  the  repair  activity  that 
could  be  carried  out  in  any  of  the  above  states. 

Experience  indicates  that  the  combat  state  will  con¬ 
stitute  u  small  fraction  of  the  Battlefield  Day,  and 
within  the  combat  state  an  even  smaller  fraction  will 
be  represented  by  actual  firing. 

For  example,  in  the  defense  of  the  Remagen  Bridges 
in  World  War  II  a  massive  barrage  type  of  defense 
was  set  up,  On  the  three  nights  of  heaviest  action,  the 
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Figure  B-3,  Tactical  Activity  Stataa 


barrage  wai  fired  three  timei  on  each  night,  each  time 
for  10  lecondi.  The  corresponding  firing  time  Tor  each 
40-mm  Bofori  weapon  in  the  defense  wai  3C  seconds, 
or  60  rounds  per  gun. 

The  Uland  of  Main*  was  subjected  to  repeated  at¬ 
tacks  over  a  period  of  months*,  during  which  some 
14,000  tons  of  bombs  were  dropped  on  the  143  square 
mile  areas  of  Malta  and  Goto.  Antiaircraft  destroyed 
336  of  the  attacking  aircraft.  In  the  month  of  April 
1943  alone,  6728  tons  of  bombs  were  dropped.  ‘On  an 
average  there  were  170  bombers  over  every  day,  com¬ 
ing  in  waves  of  12  to  IS  at  a  few  minutes  Interval 
from  a  variety  of  directions.. .there  were  usually  three 
raids  a  day, ..each  raid  lasted  for  about  one  hour,  The 
total  time  spent  under  raids  during  the  month  came  to 
twelve  days  ten  hours  and  twenty  minutes'.  In  the 
month  antiaircraft  destroyed  i02  enemy  aircraft,  thirty 
in  one  week. 

But  'In  the  course  of  that  week  they  achieved  their 
record  of  ammunition  expenditure,  In  one  day  an 
average  of  sixty-nine  rounds  were  fired  for  every  heavy 
anti-aircraft  gun  and  fifty-six  rounds  for  every  Bofors 
gun.* 

This  works  out  to  an  average  firing  time  for  each 
heavy  gun  over  about  seven  minutes  per  gun  per  day, 
and  for  the  40-mm  Bofori,  about  1/2  minute  of  firing 
time  per  gun  per  day. 


Of  course  some  funs  must  have  substantially  ex¬ 
ceeded  the  average.  But  it  seems  reasonable  to  base  the 
analysis  on  the  assumption  that  firing  time  will  be  a 
very  small  fraction  of  total  time,  and  'red  alert'  only  a 
moderate  fraction, 

Within  each  of  the  sub-states  shown  in  Figure  8-3, 
the  transition  rates  between  states  vertically  will  differ 
in  the  movement  phase  from  those  in  the  position 
hase,  For  example,  the  towed  Twin  3J-mm  Oerllkon 
re  unit  requires  I  I  /2  minutes  to  convert  from  travel¬ 
ling  to  firing  mode,  but  the  Vulcan,  and  other  self- 
propelled  fire  units  can  fire  on  the  move 

8.3  8YBTBM  OPERATIONAL  ITATB8 

Each  sub-set  of  states  in  Figure  8-3  is  next  further 
subdivided  accordinj  to  the  operational  modes,  or 
states  of  the  system.  Considering  a  single  fire  unit,  for 
example,  these  states  in  which  the  system  has  some 
capability  to  perform  its  mission  are  determined  and 
identified  as  operational  states.  These  include  the  'all- 
up'  state  with  all  subsystems  functioning  properly,  and 
the  set  of  'fail*  states,  in  which  the  system  has  no 
capability  for  performing  its  mission,  These  are  indi¬ 
cated  in  Figure  8-4.  The  possible  transitions  and  their 
probabilities  depend  on  which  activity  state  the  system 
as  a  whole  is  in.  For  example  failure  of  the  servo  drive 
for  the  gun  in  the  combat  state  may  not  be  repaired 
until  the  system  as  a  whole  transitions  to  an  alert  or 
passive  ita'2. 
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SECTION  9 

SYSTEM  COMPONENTS  AND  STATES 


Emphasis  in  ibis  report  is  on  the  defense  system 
consisting  of  a  number  of  Are  units,  their  immediately 
supporting  equipment,  such  as  a  common  alerting 
radar,  and  the  organic  communications  which  control 
and  coordinate  the  defense,  These  elements  are  shown 
in  Figures  9* !  and  9-2. 

Principal  emphasis  is  on  the  Are  units  as  opposed  to 
organic  cut  separately  located  radars,  and  other  gen* 
eral  support  equipment. 

A  natural  initial  subdivision  of  Are  unit  elements  is 
into  ‘mobility'  and  ‘Arepower*  subsystems,  In  the  case 
of  a  seff>propetIcd  Are  unit,  the  mobility  subsystem 
consists  of  the  vehicle  exclusive  of  the  armament  and 
Are  power  package.  In  the  case  of  a  towed  mount  the 
mobility  subsystem  consists  of  the  wheel  carriage  struc¬ 
ture  and  the  prime  mover  vehicle.  Some  of  the  smaller 
automatic  weapons  Are  units  may  be  transported  by  a 
vehicle  and  manually  unloaded  and  emplaced  for 
Aring, 

The  Arepower  subsystem  includes  the  weapon,  am¬ 
munition,  tracking  sensors,  computer,  sensor  and  gun 
servos  and  related  components. 


A  few  components  may  be  common  to  both  the 
mobility  and  Arepower  subsystems,  depending  in  the 
Are  unit  design.  These  may  include  power  ana  electri¬ 
cal  components,  crew  functions,  and  communications 
and  other  components  to  be  identiAed  in  the  case  of 
speciAc  Are  unit  evaluations. 

These  two  primary  subsystems  are  illustrated  in 
Figure  9-3. 

9,1  MOBILITY  •UBIYITIM 

The  mobility  subsystem  may  be  further  subdivided 
into  components.  A  representative  list  is  given  in  Table 
IX- 1.  ‘This  list  is  essentially  the  categorization  used  in 
the  Army  Maintenance  Manajgement  System 
(TAMMS)  which  maintains  a  record  of  Army  equip¬ 
ment  reliability  and  maintenance  data  under  the  Army 
Equinmsnt  Record  Procedures  System  (TAERS). 
TAEhS  records  will  be  a  major  source  of  data  in 
estimating  availability  of  the  mobility  subsystems  asso¬ 
ciated  with  an  air  defense  system  evaluation. 

During  the  movement  phase,  the  mobility  subsystem 
may  be  in  one  or  a  set  of  sub  state,,  as  shown  in  Figure 
9-4. 


Figure  9-1.  Flow  of  Command  and  Alerting  Information  to  Fire  Units 
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Figure  9-3.  Primary  Subiyitemi 

No  extensive  unulysis  of  the  mobility  subsystem  is 
contemplated  for  this  report  since  its  evaluation  is 
relatively  straightforward  At  compared  with  the  fire¬ 
power  subsyv.em. 

However,  we  note  briefly  the  availability  figures  for 
a  few  vehicle  types, 

Trucks  huve  averaged  about  0,40  maintenance  man¬ 
hours  per  hour  of  operation,  with  %  of  time  available 
80.90**,,  Under  proving  ground  conditions,  (all  supply 
facilities  on  hand)  the  ratio  might  be  about  0,2  mainte¬ 
nance  manhours  per  hour,  with  an  availability  for 
continuous  test  of  about  85%, 


For  tracked  APC  and  tanks,  TAERS  indicated  about 
1, 5*2.0  maintenance  manhours  per  hour  of  operation 
with  the  vehicles  available  about  80%  of  the  time.  A 
proving  ground  test  of  an  early  APC  indicated  only  0,2 
maintenance  manhours  per  hour,  again  with  an  availa¬ 
bility  for  test  of  about  85%. 

9, 3  FIREPOWER  SUBSYSTEM 

The  functions  performed  by  the  firepower  subsystem 
are  reluted  to  alternate  modes  of  operation,  and  to  the 
sub-subsystems  or  components  providing  each  func¬ 
tion,  For  simplicity  we  continue  to  refer  to  sub-subsys¬ 
tems  us  simply  subsystems,  The  relationships  among 
functions  and  subsystems  are  indicated  in  Figure  9-5, 

9.2.1  Alternate  Operational  Mode* 

One  step  in  the  availability  computation  is  the  deter- 
mlnutlon  of  those  system  modes  which  allow  engage¬ 
ment  of  the  enemy,  These  include  the  completely 
operational  state  (all-up)  und  various  levels  of  de¬ 
graded  operation,  and  alternate  modes  of  operations  in 
the  uli-up  stale. 

The  system  may  operate  in  a  degraded  mode  if 

a.  The  combat  phase  occurs  with  a  subsystem  essen¬ 
tial  to  the  all-up  mode  malfunctioned,  but  with  u 
back-up  mode  available.  For  example  a  fire  unit 
may  operate  with  estimated  range  if  the  ranging 
device  is  Inoperative,  If  the  computer  hus  mul- 


Ttbto  IX- 1.  Probability  of  Operating  Vehicular  Component*  Without  a  Failure  Requiring  Support  Maintenance 


Tracked  -  2,000  miles 

Wheeled  -  10,000  mllet 

M60 

M4842 

Ml  13 

MIS  l 

MSS 

In tn  Nomenclature 

91 

% 

% 

% 

Engine 

97 

99 

96 

99 

99 

Clutch 

NA 

NA 

NA 

99 

100 

Fuel  lyitem 

100 

98 

98 

too 

100 

Kxhauit  lyitem 

100 

99 

98 

too 

100 

Cooling  lyitem 

100 

99 

97 

99 

100 

Flectrlcil  iy»tem 

97 

96 

97 

99 

100 

Trantmlulon 

97 

99 

98 

99 

99 

Trantfer  caie 

NA 

NA 

99 

100 

99 

Propeller  theft 

NA 

NA 

NA 

100 

100 

Front  axle  or  final  drive 

100 

99 

99 

98 

100 

Rear  axle 

NA 

NA 

NA 

100 

100 

Briket 

too 

100 

too 

100 

100 

Wheel  end  tracki 

100 

1 

98 

1 

98 

99 

100 

Control! 

97 

1 

97 

98 

too 

100 

Frame,  bucket! 

100 

too 

100 

100 

100 

Spring!,  thock  ibtorbtri 

100 

99 

too 

100 

100 

Hood,  ihret  metal 

NA 

NA 

NA 

100 

100 

Cab,  body  or  hull 

100 

96 

99 

100 

100 

Turret 

63 

77 

NA 

NA 

NA 

Winch 

NA 

NA 

NA 

NA 

100 

Bumper  guardt 

NA 

NA 

NA 

100 

100 

Miuellaneoui  acceuorlii 

100 

100 

too 

100 

too 

Fire  extlnguliher  tyitem 

too 

100 

100 

NA 

NA 

Armament 

93 

91 

99 

NA 

NA 

Sighting  A  fire  control 

88 

91 

NA 

NA 

NA 

Auxiliary  generator 

NA 

99 

NA 

NA 

NA 
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Figure  9-4.  Mobility  Failure  States 
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Figure  9-5.  System  Functions,  Modes  and  Subsystama 

functioned  the  gunner  may  fire  with  estimated  c.  Weather  may  negate  the  available  trucking  sen- 
lead  or  by  tracer  observation,  The  Matador  sys-  sors.  With  all  tracking  and  computing  data  de- 

tem  is  planned  to  have  a  primary  digital  com-  nied  the  system,  a  vital  area  defense  can  still  be 

nuter  and  a  backup  analog  computer.  Consider-  performed  by  barrage  Are, 

ing  the  defense  system  as  a  whole,  malfunction¬ 
ing  or  a  common  surveillance  radar  may  deprive  ln  generu|(  if  (he  system  j,  proper|y  designed  for 
the  fire  units  of  early  warning  informal  on,  but  reliability  and  maintainability,  the  occurrence  of  de- 

they  may  operate  with  local  surveillance  (such  as  graded  modes  because  of  component  failure  will  be 

visual>'  infrequent. 


h,  Enemy  countermeasures  may  neutralize  one  or 
more  of  the  sensors,  but  a  backup  mode  may  be 
uvailahle,  For  example  if  the  radar  range  unit  is 
jammed  out,  range  may  be  estimated. 


Degradation  caused  by  enemy  countermeasures  is 
difficult  to  anticipate  because  not  all  technical  options 
open  to  the  enemy  can  be  foreseen  for  the  operational 
life  of  the  defense  system. 


Degradation  caused  by  night  or  bad  weather  can  be 
computed,  but  the  evaluation  of  it*  importance  is 
directly  dependent  oh  the  assumed  enemy  capability  to 
attack  effectively  under  the  tame  conditions.  Hence 
judgement  of  future  enemy  capability  is  a  dominating 
factor  in  this  assessment, 

The  system  may  operate  in  one  of  several  available 
alternate  modes,  In  an  all-up  state  depending  on  the 
tactical  situation  parameters,  For  example,  if  the  radar 
is  unable  to  cope  with  multipath  errors  at  very  low 
elevation  angles,  elevation  angular  data  may  be  ob¬ 
tained  by  human  operator  tracking,  with  tne  radar 
continuing  to  provide  range  and  azimuth. 

0,2.2  Qualitative  Comparison  of  Two  Fire  Unite 

To  further  illustrate  the  kinds  of  alternate  opera¬ 
tional  modes  that  may  be  considered,  the  characteris¬ 
tics  of  two  towed  Are  units,  Vulcan,  and  the  Rheinme- 
tall  twin  20-mm  have  been  abstracted  from  the  sum¬ 
mary  Table  VII-S  and  are  repeated  In  Table  IX-2. 

If  the  engine  generator  set  is  inoperative,  Vulcan  can 
operate  with  full  capability  on  its  storage  batteries  for 
a  limited  period.  Trie  Rheinmetall  mount  can  be  laid 
by  handwnaets,  with  some,  but  markedly  lessaned  ca¬ 
pability,  The  estimation  of  the  probability  that  Vulcan 
will  become  completely  inert  because  of  battery  drain 
before  the  generator  can  be  repaired  is  an  Interesting 
sub-problem. 

The  Rheinmetall  mount  uses  estimated  range  input, 
The  Are  control  algorithms  are  unknown  at  this  time  to 
this  writer,  Vulcan  can  operate  If  the  radar  is  Inopera¬ 
tive,  with  range  estimated  by  the  gunner  or  by  another 
operator  off-mount, 

Both  systems  can  Are  by  estimated  lead  or  by  tracer 
obiervation  if  the  computeri  are  Inoperative. 

The  Rheinmetall  mount  can  probably  continue  to 
Are  with  one  gun  If  the  other  jams, 

For  Axed  aim  in  surface  Are,  Vulcan  is  positioned  by 
the  drive  controller,  then  the  power  is  turned  off,  The 
Rheinmetall  mount  can  be  laid  by  the  handwheels, 

0,1  DIFINITION  OF  0Y0TIM  ITATIB 

A  general  procedure  for  deAning  the  system  states 
for  analysis  is  as  follows: 

It  is  assumed  that  a  level  of  organization  has  been 
chosen,  below  which  the  analysis  is  to  be  performed. 
This  may  be,  for  example,  an  Air  Defense  Artillery 
Battalion.  It  is  also  assumed  that  emphasis  is  to  be  on 
the  effectiveness  evaluation  of  the  predicted-Are  units, 

From  the  point  of  view  of  the  Are  units,  there  are 
functions  performed  within  the  battalion  which  sup¬ 
port  and  afreet  the  performance  of  the  individual  Are 
units.  These  Include: 

a  Tactical  Functions 


(1)  Warning. 

(2)  Surveillance. 

(3)  Communications,  command  and  control, 

(4)  Effect  of  missile  fire  units  on  the  threat  tac¬ 
tics, 

b.  Support  Functions 

(1)  Maintenance. 

(2)  Supply. 

The  warning  and  alerting  information  affect*  the 
combat  performance  of  , the  fire  uniti.  The  maintenance 
and  supply  function  affect  the  availability  and  depend¬ 
ability  of  the  fire  units.  The  command  and  control 
function  improves  the  effectiveness  of  the  defense  by 
coordinating  the  action  of  the  individual  fire  units. 

0.3.1  Itetei  of  0uppertlng  Function* 

These  are  developed  as  inputs  to  the  fire  unit  state 
analysis,  and  by  methods  similar  to  those  to  be  dis¬ 
cussed  for  the  fire  units,  For  example,  of  the  battalion 
uses  a  number  of  FAAR  radars,  the  availability  and 
dependability  computation*  would  be  similar  to  those 
of  radars  on  the  fire  units.  Maintenance  support  is  an 
input  to  the  fire  unit  maintainability  estimates, 

0.2,2  Fire  Unit  0tate  Definition 

From  the  functional  flow  diagrams  of  the  fire  unit, 
and  the  system  description,  Identify  tha  subsystems 
which  perform  each  function,  Begin  with  the  highest 
level  or  function  and  subsystem  which  can  be  devel¬ 
oped  in  the  following  categories. 

a.  Functions  with  alternate  modes  of  performance. 

Primary  modes  (for  example  radar  or  visual 
tracking). 

Degraded  Modes  (for  example  range  estimation). 

Note  that  the  mode  designated  as  ‘primary'  may 
vary  with  the  environment.  A  system  may  be  ‘all- 
up'  yet  use  only  the  preferred  option  of  its  pri¬ 
mary  modes.  A  degraded  mode  is  defined  as  one 
which  is  inferior  to  a  primary  mode,  but  pro¬ 
vides  some  capability,  but  would  not  be  used  if 
the  primary  mode  were  available, 

b.  Functions  without  alternate  modes  of  perform¬ 
ance,  whose  loss  incapacitates  the  system,  (for 
example,  power  supply  or  gun  drive  servomecha¬ 
nisms  for  a  mount  which  cannot  be  laid 
manually). 

Next  identify  a  set  of  operational  states  which  are 
mutually  exclusive  and  complete,  described  in  each 
case  by  the  set  of  subsystem*  which  must  be  operative 
for  the  system  to  be  operative  in  that  state.  Examples 
are  given  later, 
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Tibi*  IX-2.  Characteristic!  of  20 -mm  Towed  Mounts 


Detlgnallon 

Vulcan  XM-167 

Rheinmetall 

Weapon 

6-bbl  20-mrn  Oatllng 

Twin  20-mm 

Hat*  of  Hr* 

1000, 3000  rpm 

2000  rpm  (2  gum) 

Muult  velocity 

3400  f/i 

3340  f/i 

On  mount  ammo 

300  roundi 

270  roundi/gun  (ammo  box) 

Ammo  type* 

1IEIT/SD  (AA) 

HEIT 

HE  (Surface) 

APIT 

Craw 

4 

3 

Carriage  (tow) 

2-wheel 

2-whttl 

W*l|ht  In  tow 
position 

31301b* 

4600  Ibt 

Prim*  Mover 

1-1/4  ton  truck  MS61 

Truck 

Oun  Laying  Drlv* 

Electric 

Hydroitatlc 

Power  for  Oun  Lay 

Storage  Batttri*!  and 

I.S  KW,  28Vgaiolln* 
engine  generator  att 

Air-cooled  gaiolln*  engine 

Backup  mod* 

S  to  rag*  battarlti 

Manual  handwheeli 

Fir*  Control 

On  carriage 

On  carriage 

Antiaircraft 

Gyroicoplc  Lead 

Electromechanical  Lead 

Qround  fin 

Computing  Sight 

Computing  Sight 

Direct 

6x  t*l*ecop* 

Night  viilon  tight 

Fixed  reticle  in  LSC 
with  gyro  cagtd 

Teleacop* 

Indirect 

Ailmuth  and  tlavatlon  lay 

Ranging  Information 

Radar 

Estimated  (and  regenerated?) 

Backup  model 

Gunner  aitimate 

Remote  eitlmat* 

Gunner'i  Tracking  Aid 

Rat*  drlv*  controller 

Joyitlck  with  computer 
regenerated  ratei 

DUperilon 

AA 

(txl8  mile 

Small,  No  artificial 

Qround 

3x3  mill 

dlipenlon, 

Other  aids 

TADDS 

Communication! 

Wirt 

Radio 

I 


possibilities  will  be  much  more  limited  in  a  movement 
phase  as  compared  with  a  position  phase. 

A  method  is  indicated  in  the  report  for  including 
these  'tactical  state'  transitions  in  the  general  state 
transition  description. 

Having  developed  the  complete  state  transition  dia- 

firam,  the  necessary  fail  and  repair  coefficients  are 
nserted,  and  the  differential  equations  are  solved  for 
the  steady  state  solution  (fixed  point  probability 
vector). 

The  elements  of  the  fixed  point  probability  vector 
are  the  desired  availability  and  dependability  estimates 
for  each  operational  state  and  are  extracted  for  combi* 
nation  with  the  system  capability  matrix  for  the  effec¬ 
tiveness  computation. 

For  each  system  evaluated  it  is  probably  desirable  to 
develop  the  state  transition  diagram  in  considerable 
detail  before  attempting  simplifications,  to  insure  that 
all  essential  states  and  transitions  are  included. 

Having  made  initial  estimates  at  the  subsystem  level 
of  aggregation  described  above,  those  subsystems  prin¬ 
cipally  responsible  for  loss  of  availability  and  depend¬ 
ability  may  be  identified,  and  a  more  detailed  develop¬ 
ment  of  the  subsystems  to  component  level  would 
follow,  to  further  identify  sources  of  difficulty. 


1 

1 

1 

I 

I 

1 

I 

I 

I 

I 


Identify  a  set  of  ’down’  states  in  which  the  system  is 

non-operablc.  Each  is  initially  defined  by  the  subsys¬ 
tem  or  component  whose  malfunctioning  identifies  the 
state.  In  the  analysis  an  attempt  is  maae  to  aggregate 
these  stales  where  possible  to  simplify  the  analysis. 

Develop  a  flow  diagram  showing  possible  transitions 
among  the  states  defined  above.  How  one  defines  the 
state  transition  probabilities  with  time  depends  on 
whether  a  computer  simulation  is  intended,  or  whether 
an  analytical  solution  is  tr  be  attempted.  In  the  case  of 
a  computer  simulation  mjre  freedom  in  incorporating 
a  variety  of  probability  density  functions  appropriate 
to  each  state  transition  is  possible.  For  analytic  pur¬ 
poses,  with  even  moderately  complex  systems,  one  can 
hardly  do  more  than  describe  the  state  transitions  as  a 
set  of  linear  differential  equations  with  constant 
coefficients. 

In  the  present  report  the  view  is  taken  that  the  state 
transition  probabilities  (in  this  case  mean  rate  of  fail 
and  mean  rate  of  repair)  for  a  specific  subsystem  will, 
in  many  cases,  vary  significantly  depending  on  whether 
the  fire  unit  is  in  a  movement  phase  and  opposed  to  a 
position  phase,  and  within  these  phases,  whether  it  is 
engaging  a  target  or  whether  it  is  simply  on  alert. 
Movement  across  rough  terrain  may  cause  failures 
even  of  inoperative  subsystems.  In  addition,  the  repair 
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SECTION  10 

DEVELOPMENT  OP  AVAILABILITY  AND  DEPENDABILITY  MATRICES 


10.1  DATA  lUMINT  MQUIMMINTS 

Data  requirement!  to  follow  the  WSEAIC  type  of 
analytical  itructure  up  to  the  determination  of  the 
capability  vector  are  lilted  in  Table  X-l  at  given  in  a 
WSEAIC  report." 

The  identification  of  system,  subsystem  and  compo¬ 
nent  elements  has  been  described  in  a  prior  section. 
The  lime  information  as  it  is  related  to  operational 
and  tactical  activity  states  is  derived,  as  discussed 


earlier  from  the  ‘Battlefield  Day'.  A  more  detailed 
definition  of  event  sequencing  is  required  for  the 
capability  vector  and  will  be  developed  in  a  later 
section. 


The  levels  to  which  reliability  and  maintainability 
data  are  developed  depends  on  the  position  of  the 
system  under  analysis  in  its  life  cycle,  and  is  outlined 
in  Table  V- 1 . 


Table  X-t,  Typical  Data  Element  Requirement! 


a.  General  Identit'icutlon  Information  (nomenclature,  etc,) 

(ft 

eauie  cliiilflcition 

b  Time  information  (chronological  time  and  icqucnca  of  event*), 

1)  deilgn 

III  Opera  ting  Time* 

2)  operational  environment 

la  1  million  time  and  phaic* 

a)  controlled 

tbi  non  minion  time 

b)  uncontrolled 

1 )  checkout  and  ten  time 

3)  perionnel  Inducod 

2l  full  on  ntundby 

u)  luppller 

3)  purtlul  on  itundby 

b)  uier 

(2)  Non-operutlng  Time* 

4)  tlmniependant 

(u)  off,  no  demund 

(2)  Maintenance  evonti 

1)  itorupe 

ID 

dniMi  of  malntemnce  (Include!  monitoring  and 

2)  free  lime 

lyitcm  caerelilng) 

(b)  downtime  (when  In  demand) 

1)  corrective  maintenance 

1)  repair  time 

a)  wheduled 

2)  loglttlo  time  (iparei,  traniporutlon, queuing, 

b)  unieheduled 

other  lupport-orlented  liemi) 

(b) 

event  Information 

3)  adm Iniitritlve  time  (traintnt,  other  eauie  of 
perionnel  non-ivillablllty) 

1)  type  of  action 

4)  effect  of  emergency  procedural 

u)  replacement 

c.  fvent  Information 

b)  adjuiiment 

(11  failure  evenli 

c)  repair* 

(a)  Identification  of  (allure 

1,  In  place 

<bi  effect  on  million  capability 

2,  other  location 

1)  critical 

2)  manhour*  espinded  (minimum  number  of 
perionnel  required) 

2)  nomcrttlcal 

3)  level  of  perionnel 

(c)  repairable  during  minion 

4)  adequacy  of  equipment  and  tooli 

(d)  how  detected 

$)  availability  and  quality  of  ipurci 

tel  failure  cleulficallun 

6)  adequacy  of  facIHtlei 

11  primary 

7)  adequacy  of  technical  data 

2)  secondary 

S)  adequacy  of  maintenance  action 
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In  general,  in  the  conceptual  stage  the  simplest 
possible  approximations  to  the  failure  and  repair 
process  would  be  used.  As  the  system  progresses  to 
development,  more  detailed  information  become! 
available  and  more  accurate  analyses  are  required.  In 
the  concept  stage  adequate  estimates  of  availability 
and  dependability  may  be  made  analytically.  When  the 
system  is  detailed  in  depth  and  accurate  represents* 
tions  of  the  probability  density  functions  are  desired,  it 
is  probubly  most  economical  and  feasible  to  use  com* 
puter  simulation. 

Some  of  the  levels  of  approximation  and  their  valid* 
ity  are  discussed  in  the  following  paragraphs, 

10.  a  QINIRAL  APPROACH 

The  presentation  of  the  methodology  for  determin* 
ing  the  availabiiity*dependability  parameters  for  a 
system  is  arranged  as  follows: 

a.  The  discussion  is  initially  limited  to  'inherent* 
availability  (to  be  defined)  without  regard  for 
tactical  states.  Methods  of  simplifying  tne  com¬ 
putation  for  complex  systems  are  Illustrated  by  a 
series  of  examples, 

h.  The  analysis  is  then  extended  to  include  tactical 
states  of  the  system.  It  is  indicated  that  this 
provides  an  additional  measure  of  realism,  and 
that  the  extension  is  feasible.  Approximation 
methods  are  Illustrated  by  examples. 

Most  of  the  literature  on  reliability,  maintainability 
und  availability  theory  describes  how  to  solve  exactly, 
relatively  simple  cases.  The  solution  of  complex  cases  is 
easily  written  concisely  but  with  the  Implied  inversion 
of  large  matrices  for  the  determination  of  the  Axed 
point  probability  vector,  and  the  solution  by  eigenval- 
ues  and  eigenvectors  of  the  transient  solution.  These 
methods  are  time-consuming  for  the  analyst,  and  so  ut 
the  expense  of  space,  and  perhaps,  the  reader's  pa¬ 
tience.  a  number  of  devices  for  obtaining  useful  ap¬ 
proximations  are  developed  with  examples  in  the  fol¬ 
lowing  sections, 

10.3  DEFINITION  OP  AVAILABILITY 

Consider  a  system  or  subsystem  which  has  only  two 
states,  (I )  fully  operational  and  available  for  use,  und 
(2)  inoperative.  Ihe  system  may  be  inoperative  be¬ 
cause  of  a  failure  which  has  not  yet  been  repaired  or 
because  it  Is  down  for  preventive  maintenance.  In  the 
held  the  down  time  would  include  not  only  the  active 
repair  time  when  the  system  is  being  worked  on,  but 
also  the  time  waiting  for  spares,  for  maintenance 
personnel,  etc. 

Over  a  very  long  period  of  time,  the  fraction  of  time 
that  the  system  is  in  an  operational  state  Is  defined  as 
‘availability’.  The  computation  of  this  value  does  not 
usually  require  identification  of  the  probability  density 
functions  of  ihe  time  durations  of  the  operative  state 


nr  of  each  separate  contributing  action  to  the  down 
state. 

Insight  into  what  factors  contribute  most  to  reduc¬ 
tion  in  availability  is  provided  by  computing  availabil¬ 
ity  under  several  assumptions  or  support  and  environ¬ 
mental  conditions,  and  standard  definitions  of  availa¬ 
bility  recognize  several  categories  depending  on  how 
many  of  tne  elements  constituting  total  downtime  are 
included  in  the  measure,  The  standard  definitions  are 
reproduced  in  a  following  paragraph, 

The  highest  value  is  that  of  'inherent'  availability, 
which  is  measured  by  running  the  system  continuously 
to  failure,  then  repairing  promptly  with  all  required 
resources  on  hand,  then  running  to  the  next  failure, 
etc. 

'Achieved*  availability  is  a  similar  computation,  in 
an  'ideal*  support  environment,  but  Includes  downtime 
from  both  preventive  und  corrective  maintenance 
actions. 

'Operational'  availability  includes  lost  time  because 
of  delays  in  supply  and  administrative  action. 

TAERS  data  from  1963"  showing  the  percentage  of 
downtime  in  direct  support  maintenance  In  the  catego¬ 
ries  of  (I)  In  transit,  (2)  awaiting  repair,  (3)  shop 
time  and  (4)  MWO,  indicates  shop  time  Is  only  about 
27%  for  the  Ml  13  vehicle,  32%  Tor  radio  set  AN/ 
ORC-19  and  35%  for  the  UH-1B  helicopter,  as  frac¬ 
tions  of  total  downtime, 

If  the  support  system  Is  not  improved,  one  might 
reasonably  apply  a  multiplying  factor  of  2  to  5  on  the 
mean  active  repair  time  associated  with  any  particular 
subsystem  of  ApAADS,  for  example, 

10.3.1  Standard  Categories  of  Availability 

litlmataa” 

availability  (achieved).*  The  probability  that  a  sys¬ 
tem  or  equipment  when  used  under  stated  conditions 
in  an  ideal  support  environment  (!,e„  available  tools, 
parts,  manpower,  manuals,  etc,)  shall  operate  satisfac¬ 
torily  at  any  given  time.  A.  excludes  supply  downtime 
and  waiting  or  administrative  downtime.  It  may  be 
expressed  as: 

MTBM 

A“  "  MTBM  +  M 

20871-800 

where 

MTBM  -  Meun-time*between-maintenance. 


M  ■  Mean  active  maintenance  downtime  re* 


't'rrifn  idtmifitd  by  an  <u/r«tA  taktn  from  MII  STD  ?’*,  Mainlamabuiv 
Ttm\  anil  Ptfimimi. 
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suiting  from  both  preventive  and  corrective 
maintenance  action*, 

availability  (inherent).*  The  probability  that  a  sys- 
tern  or  equipment  when  uaed  under  stated  condition*, 
without  consideration  for  any  scheduled  or  preventive 
maintenance,  in  an  ideal  support  environment  (i.e„ 
available  tools,  parts,  manpower,  manuals,  etc,),  shall 
operate  satisfactorily  at  any  given  time.  A,  excludes 
ready  time,  preventive  maintenance  downtime,  supply 
downtime,  and  waiting  or  administrative  downtime,  ft 
may  be  expressed  as: 


MTBF 

A1  "  MTBF  +  MTTR 

20871  -801 A 


where 

MTBF  -  Mean-llme-between  failure, 

MTTR  ■  Masn-time-to-repalr, 

availability  (operational).*  The  probability  that  a 
system  or  equipment  when  used  under  stated  condl- 
lions  and  in  an  actual  supply  environment  shall  oper¬ 
ate  satisfactorily  at  any  given  time,  It  may  be  expressed 
as: 

„  MTBM 
«  "  MTBM  +  MDT 

20871-802 

where 

MTBM  »  Mean-time-between-maintenance  and 
ready  time  during  the  same  time  interval, 

and 

MDT  *  Mean  downtime  including  supply  down¬ 
time  and  administrative  downtime  during 
the  same  time  Interval.  When  preventive 
maintenance  downtime  is  aero  or  not  con¬ 
sidered,  MTBM  becomes  MTBF, 


1 Ttm »  idtntijitJ  fy  an  autrttk  Mtn  frm  MIL-STD'iTS,  Maintainability 
Ttm *  anS  Dtjlnttms, 


10.4  INHIRINT  AND  ACHIIVID  AVAILABILITY 

To  illustrate  the  approach  and  the  kind  of  assump¬ 
tions  we  propose  to  make  in  this  report,  consider  the 
simple  case  of  the  system  which  has  only  two  states 
(l)  all  up,  and  (2)  inoperative, 

Let: 

X|(t)  -  the  probability  that  the  system  is  'up*  at 
time  t. 

Xi(t)  -  the  probability  that  the  system  is  inopera¬ 
tive  at  time  t. 


Xj  (»)  +  X2(t)“  1.0  (10.1) 


The  transition  rates  across  the  two  states  may  be 
written  in  general  form  as 


dX,(t)/dffj  [XpXj.X.M.t]  00.2) 


dX2(t)/dt-r2[X,,X2,X,M]  (10.3) 


where 

X(t)  is  a  failure  related  function  of  time 

p(T)  it  a  repair  related  function  of  time 

and  the  general  formulation  admits  consideration  of 
the  fact  that  the  system  may  be  more  likely  to  fail  as  it 
gets  older,  the  likelihood  of  failure  depends  on  the 
elapsed  time  since  the  last  repair,  etc, 

In  a  computer  simulation  we  would  have  a  good  deal 
of  freedom  in  defining  these  relationships  in  complex 
form. 

However  for  a  first  approximation  we  make  the 
following  simplification: 
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a.  The  probability  that  a  failure  occurs  in  dt  given 
that  the  system  is  operating,  is  independent  of  t, 
and  is  equal  to  Xdt, 

b,  The  probability  that  a  repair  action  is  completed 
in  dt,  given  that  the  system  is  down  for  repair,  is 
independent  of  t  and  Is  equal  to  ft, dt, 


Notation  can  be  simplified  when  the  number  of 
system  modes  becomes  large  by  using  matrix  notation. 
The  differential  equations  can  he  written 


X|  ■  -XX,  +mX2 
Xj  ■  XX,  *mX2 


•[-] 


(10.10) 


Assume  thut  at  an  initial  time  t  ■  0  the  system  is 
operating.  Then  solving  the  differential  equations 

. . 

<l0!) 

The  system  approaches  a  'steady  state*  us  defined  by 
the  exponential 

„-(X+u)t  (10.6) 

and  if  either  the  fail  rate  X  or  the  repair  rate  ft.  or 
both  are  large  the  steady  state  is  quickly  achieved. 

The  steady  state  solution  for  X| 

X|  (-)  ■  00.7) 

This  is  the  probability  that  the  system  will  be  in  an 
operable  state  if  it  is  observed  at  an  arbitrary  time 
ai'ter  it  has  been  operating  for  u  long  time.  It  is  also, 
the  fraction  of  the  total  time  that  it  is  operable,  for 
very  long  observation  times. 

Xi(«)  is  defined  as  availability. 

The  steady  state  solutions  could  have  been  obtained 
directly  by  setting  the  derivatives  equal  to  zero  in  the 
differential  equations  and  solving  for  X.  and  X;,  using 
X|  +  X,  ■  1.0, 

If  there  is  no  repair,  and  the  system  begins  operation 
at  t-o  in  an  operable  state 

X,(t)  ■  (10,8) 

und  this  expression  is  a  definition  of  'dependability* 
during  a  nonrepair  interval. 


The  mean  time  between  recurrence  of  a  state  when 
X  ■  0,  is  the  inverse  of  the  state  probability  multi* 
plied  by  average  rate  of  departure  from  the  state,  For 
this  simple  model,  the  mean  time  between  failures 
MTBF  and  the  mean  time  between  repairs  M  fBR  (the 
system  cycle  time)  are  equal 


MTBF  -  MTBR  -  (!/\)[(\  +  |aj/|j] 
-  (I/P)  [U+  W/X] 


(10.11) 


The  mean  up  time  (MUT)  is  the  mean  time  that  the 
system  remains  in  an  operational  state  and  is  the 
inverse  of  the  rate  of  leaving  the  state 


Similarly  the  mean  down  time  (MDT)  is 


(10.12) 


(10.13) 


MTBF  ■  MTBR  ■  (MUT)  +  (MDT) 

These  separate  measures  allow  one  to  discriminate 
between  a  system  that  fails  frequently  but  can  be 
repaired  quickly,  and  a  system  that  fails  rarely,  but 
takes  a  long  time  to  repair  both  systems  having  the 
same  avaiiaollity, 

The  assumptions  of  constant  transition  rates  with 
time  is  easier  to  justify  as  an  adequate  approximation 
in  the  fail  mode  than  in  the  repair  mode.  Probability 
density  functions  of  maintenance  times  (especially  In 
computing  achieved  availability)  are  not  simple  expo* 
nentials,  and  most  maintenance  analysts  prefer  to 
describe  them  by  lognormal  functions,  We  show  how 
to  handle  this  apparent  difficulty  in  a  later  section,  but 
note  at  this  time  that  the  effect  appears  principally  in 
the  transient  solution  of  Equation  (10,9),  Its  effect  on 


(10.17) 


the  steady  state  solution*  which  is  basic  to  the  availabil¬ 
ity  concept,  it  much  smaller.  4 

10.4.1  Multiple  Failure  Model 

When  there  are  many  components  to  be  considered, 
solution  along  the  above  lines  can  be  tedious,  Usually, 
however,  we  are  interested  only  in  determining  the 
steady  state  probabilities  of  a  small  number  of  opera¬ 
tional  states  at.  have  no  interest  in  the  relative  proba¬ 
bilities  of  the  down  states. 

in  many  cases  tin  following  approach  can  be  used, 
or  imbedded  in  a  larger  problem  to  reduce  its 
complexity, 

Consider  a  system  which  has  n  components,  all  of 
which  must  be  operable  for  the  system  to  be  in  an 
operable  state.  Assume  that  component  failures  occur 
only  when  the  system  is  operating,  that  repair  begins 
Immediately,  that  the  fail  and  repair  actions  are  'Pois¬ 
son'  '(reams  of  events,  with  XifMi  the  fail  and  repair 
rates  of  the  I'th  component,  Let  X,  ■  probability  that 
the  system  is  operational  and  X,  the  probability  it  is 
down  because  of  failure  of  the  J'th  compont.it, 

The  differential  equations  are 


Xj  ■  X.J*o  (io.i«) 


These  expressions  are  easily  solved  for  the  steady 
state 

Xj  ■  Otj/fij)Xo  J  -  1,2, ...  n  (10.16) 


mid  since 


(10.18) 


The  original  expression  could  have  been  written  in 
matrix  form 


X  -  A  X  10.20) 


(10.21) 
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MTBF 


(10.22) 


MTBF 


\»X>j 

J-l 


i  +  L  (V^i) 
j*i  J  1 


i  x, 


(10.23) 


10.4.2  Approximate  Computation 

For  the  cate  of  thit  system  with  n  components,  all  of 
which  mutt  be  operational  in  order  that  the  system 
operate,  and  with  the  repair  action  on  each  component 
independent  of  that  on  all  othert,  we  now  contlder 
what  error  would  be  introduced  by  computing  the 
syttem  availability  at  the  product  or  the  availabilitiet 
or  the  n  components,  This  it  equivalent  to  the  atsump* 
tion  that  the  failure  probability  of  each  component  is 
independent  of  whether  the  system  as  a  whole  is 
operating. 

For  the  j'th  component,  the  steady  state  probability 
of  operation  is 


MUT  •  Ay  (MTBF)  ■  XQ  (MTBF)  (10.24) 


J  “  l+(Xj/pj) 


(10.29) 


MUT  * 


n 

2Z  x. 


(10,25) 


und  for  the  system  we  approximate: 


x°  ■  A  yj  ■ "o'3o) 


MDT  ■  (I  •AJMTHF  •  MTBF -MUT 


(10,26) 


expanding  the  product 


if  (XJ//JJ 


(10.27) 


(10.31) 


To  be  more  specific,  suppose  that  we  have  ten  com¬ 
ponents  with  identical  fall  and  repair  rates,  Then 

MTBF  -  —r  +! 

I0X  /j 


MDT  •  - 

M 


V  u  A  |  '■■■■■ 

•»  v  I  +  I0(X/P) 


(10,28) 


and  if  all  iheA/ti,  <<  1,0  the  two  methods  give  the 
same  results, 

10.4.3  System  with  Alternate  Operational  Medea 

The  complexity  of  the  full  analysis  Increases  rapidly 
us  the  number  of  alternate  operational  modes  Is  in¬ 
creased,  We  illustrate  this  by  a  simple  example,  and 
show  how  to  obtain  un  adequate  approximate  solution 
simply. 

The  system  states  and  transitions  are  shown  in  Fig-' 
ure  10- 1 .  The  system  is  assumed  to  have  a  primary 
operational  mode  depending  on  an  Infra-red  tracker, 
If  the  IR  sensor  Is  inoperative,  the  system  can  be 
employed  with  visual  tracking.  In  addition,  a  set  of 
elements  (here  aggregated  into  one  und  culled  ‘servo') 
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Figure  10-1,  State  Tranaltlon  Diagram  (or  Syatem 
with  Two  Operational  Modal 

is  essential  to  operution  in  either  mode.  The  states  are 
defined  by  the  probabilities  (all  at  time  t), 


Xoi  ■  probability  the  system  is  'all  up', 

X«t  -  probability  that  the  system  is  operable  in  the 
visual  mode  with  the  IR  unit  down  and  under 
repair. 

Xj  *  probability  that  the  system  is  Inoperative  with 
the  IR  unit  up,  servos  down  and  under  repair, 

X4  *  probability  that  the  system  is  inoperative  with 
noth  IR  unit  and  servos  down  and  under 
repair. 

Note  that  some  assumption  must  be  made  as  to 
repair  doctrine  when  both  the  IR  unit  and  the  servos 
are  down.  Depending  on  maintenance  support  and  the 
type  of  malfunction,  they  may  be  repaired  in  sequence, 
or  simultaneously,  We  use  the  latter  assumption,  with 
different  repair  rates  for  the  two  units, 


The  state  transitions  are  developed  in  Figure  10-1. 

In  matrix  form,  the  differential  equations  for  state 
transition  rates  are  given  by 


X01 

a 

Mi  Mj  0 

X01 

xoa 

Xj  -(Mj+Xj)  0  m2 

xoa 

Xj  0  -Mj'  Mj 

X3 

A 

_  0  x2  0  •<m1*m2> 

2k 

(10.32) 

To  determine  the  steady  state  solution  (the  corre¬ 
sponding  set  of  X,  is  known  as  the  ‘fixed  point  proba¬ 
bility  vector'),  set  the  dX/dt  ■  0. 

Since  the  sum  of  the  X,  must  equal  unity  one  line  of 
the  resulting  expression  is  redundant  and  we  choose  to 
replace  the  top  row  by  (I . I)  whence 


“  t  1  1  1 

X01 

a 

”1“ 

X,  •  EMj  ♦  X 0  Mj 

X0J 

0 

X2  0  -Mj  M 1 

x> 

0 

-°  Xj  0  -(Mj  +  MjL 

-X4- 

-0. 

(10,33) 

This  equation  may  be  solved  I)  by  Inverting  the 
matrix  or  transition  probabilities,  2)  expanding  and 
solving  the  resulting  set  of  equations. 

The  process  is  tedious,  even  for  this  simple  example, 
but  following  it  through  we  obtain 
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\),  *  (1  ♦  R:SVD 


A(X)  X(X)  =  0 


(10.37) 


\o:  =  Ri  d 


X3  =  R:  I  <1  +  R:S)  +  R,  (1  -S)  1/D 
*4  =  R,R2S/D 

(10.34) 

where 


R1  ^  |/P  |  ,  r2  =  X2/^2  :  s  =  M]/(M| +P2) 
D  =  (1 +R, +R2  +  R|R2)  +  sR2(1 +R,) 


(10.35) 


!dA(o)/axj)jx(o)  +  A(o)[3x(o)/axj  j  =  o 

(10.38) 

and  the  solution  desired  to  two  terms  is 

X(X)  =  X(0)+HXj  3X(0)/3Xj 

(10.39) 

For  the  previous  example,  we  obtain  from  this 
operation 


i 

1 

1 

1  " 

d\0|  d*j 

‘  1* j  •  >  ,  1 

(1 

*1 

0 

axo: 9>) 

*1 

0 

0 

1 

»3'», 

A: 

0 

0 

0 

ax4.dx 

0 

— 

*  — 

— 

-  — 

10.4.4  Approximate  Solution 

In  the  case  of  any  real  system  we  shall  be  interested 
only  in  systems  with  high  availability  (perhaps  over 
0.80)  in  the  primary  all-up  state.  Systems  with  low 
availability  need  not  be  evaluated  closely,  since  a  rough 
indication  of  low  availability  at  this  point  in  the 
analysis  is  enough  to  send  the  designers  back  to  the 
drawing  board. 

This  suggests  that  we  expand  the  availability  fixed 
point  probability  vector  as  a  Taylor’s  series  in  terms  of 
the  X,.  For  almost  all  (perhaps  all)  practical  purposes, 
the  series  need  only  be  carried  to  terms  in  X,. 

In  matrix  form,  the  fixed  point  probability  vector  is 
defined  by 


A  X  =  0  (10.36) 


Take  partial  derivatives  with  respect  to  each  X,.  and 
then  set  all  of  the  X,  =  0  in  the  resulting  expression, 
fhe  resulting  matrices  are  greatly  simplified,  are  usu¬ 
ally  easily  invertable.  oftem  by  inspection,  and  in 
marts  cases  the  solution  can  be  written  by  inspection 
■without  resorting  to  matrix  inversion. 

i  r  r  operation  is  symbolically. 


The  matrix  is  triangular  and  relatively  easy  to  invert, 
but  in  this  case  we  can  obtain  the  solution  by  inspec¬ 
tion.  Since 


X0,(0)  =  |1  0  0  0]T  (10.41) 


wc  have 


x0i  i ' R,  ■ R 

X02  =  R1 


2 


(10.42) 


For  this  first  order  approximation,  state  X,  drops  out 
since  it  involves  two  subsystems  inoperative  at  the 
same  time. 


Referring  back  to  the  exact  solution,  it  is  apparent 
that  when  Rj.R2  <<  1.0,  the  exact  solution  reduces  to 
the  simple  approximation. 

10.4.5  Generalization  and  Example 

If.  as  alleged  earlier,  we  are  interested  in  going 
forward  with  the  analysis  of  only  systems  having  high 
availabilities,  it  follows  that  failure  states  resulting 


10-8 


Table  X-2.  Subaystem  Fail  and  Repair  Parametera 


Subsystem 

Data  Clements 

Failure  Rite 
\ 

Repiii  Rite 

V"1 

Ralar 

Range,  Angle 

0.02 

1,0 

0,02 

Infrared  Treeket 

Angle 

0.015 

1.0 

0.015 

Laser  Tracker 

Range,  Angle 

0.01 

1,0 

0.01 

Supporting  Subsystem 

0.02 

)  0 

0.02 
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from  more  than  one  subsystem  or  component  being 
simultaneously  inoperative  will  have  a  very  low  proba¬ 
bility  or  occurrence  compared  with  those  involving 
only  one  failure.  Hence  we  should  be  able,  almost 
always,  to  neglect  them  in  systems  of  interest. 

This  rationale  can  be  employed  at  the  level  of  the 
state  transition  diagram,  where  multiple  failure  mode 
states  can  be  eliminated  by  inspection,  or  by  the  series 
expansion  method  described  ubove,  Infrequently,  one 
may  be  interested  in  double  fuilure  modes.  In  this  case 
the  Taylor  series  expansion  cun  be  extended  one  term, 
at  the  expense  of  complexity. 

For  an  example  of  the  validity  of  the  single  compo¬ 
nent  failure  assumption  we  use  a  system  analysed  in  a 
paper  by  Ebenfelt  and  Holmqvist.13  In  their  paper,  the 
uuthors  carefully  worked  out  the  availability  by  mode, 
of  un  antiaircraft  defense  system  which  had  twenty- 
two  possible  states,  of  which  eight  were  operational 
states. 

In  the  referenced  paper,  a  fire  control  system  is 
assumed  having  the  following  characteristics  (Table 
X-2). 

The  lire  control  system  Is  operational  if  any  set  of 
sensors  is  operational  which  provides  both  angle  and 
range.  The  system  is  non-operational  if  either  range  or 
angle  is  not  available,  or  if  the  supporting  subsystem  is 
down. 

The  ‘all-up'  availability  of  the  system  computed 
exactly  In  the  referenced  paper  is  0  9363.  Our  approxi¬ 
mate  method  gives 


a,  *  1  “  0,935  (|a43) 


more  exactly 


u  .  — -J -  .  o,9367  (10.44) 

1  +  E(\j/Fj) 

However  the  ‘all-up’  case  is  the  simplest  to  compute 
in  any  event. 

There  are  eight  possible  operational  states  according 
to  the  definition  given  above  of  an  operational  state. 
We  compare  two  levels  of  approximation  against  the 
exact  figures  computed  in  the  reference,  These  are 

a.  When  only  one  subsystem  is  down,  the  availabil¬ 
ity  in  the  corresponding  state  equals  the  ratio  V 
fit  for  the  down  system.  If  the  state  has  two 
subsystems  down,  its  probability  is  zero. 

b,  Same  as  the  above,  but  for  the  two  subsystem 
down  case,  the  availability  is  the  product  of  the 

of  the  two  down  subsystems. 

As  in  the  reference,  the  state  is  identified  by  indicat¬ 
ing  the  down  subsystems  after  the  state  number  in  the 
order  of  their  failure  (Table  X-3),  (The  reference  gives 
an  order-of-repalr  doctrine  which  is  needed  to  work 
out  the  exact  solution.) 

Since  the  exact  solution  has  some  64  elements  in  the 
state  transition  matrix,  it  is  clear  that  the  simple 
approximation  suggested  above  has  much  to  recom¬ 
mend  it  for  the  initial  evaluation  of  any  system. 

10.8  OPERATIONAL  AVAILABILITY  AND 
DEPENDABILITY 

We  now  superimpose  the  considerations  of  tactical 
states  on  the  availability  models  developed  in  the 
preceding  section,  A  moderate  amount  of  algebra  is 


Table  X-3.  Companion  of  Computational  Methods 


Opi'MlIonal  Stall's 

Availability 

lixuat 

Approximation  t 

Approximation  2 

1.  All  up 

0.9363 

0.93S 

0.935 

2,  Rudur  down 

0,0140 

0.02 

0.02 

3.  Rudur.  IK.  down 

0,0002 

0 

0.0003 

4.  1 R  down 

0,0168 

O.OIS 

0.015 

5,  IR  Rudur  dow  n 

0.0003 

0 

0,0003 

6  IK.  Lmor  down 

0,0002 

0 

0.0002 

7,  Lunar  down 

0.0112 

0.01 

0.01 

8.  Lunar,  IR,  down 

0.0002 

0 

0.0002 

involved,  but  as  will  be  seen,  this  need*  to  be  gone 
through  only  once  Tor  u  specified  stochastic  'battlefield 
day*  after  which  the  determination  of  availability* 
dcpendubility  for  specific  systems  is  relatively  simple. 
The  method  ulso  has  the  advantage  that  it  gives  the 
probabilities  of  state  availability  in  the  combat  states 
directly. 

10.8. 1  Mathod  of  Analyaia 

Referring  back  to  the  description  of  the  battlefield 
day,  it  will  be  noted  that  two  movement  states  were 
identified,  und  three  tactical  activity  states  were  identi¬ 
fied  within  each  movement  state.  In  the  following,  to 
conserve  space,  we  delete  the  ‘passive*  state  in  each 
movement  state.  However,  separate  analysis  indicates 
that  there  is  only  moderate  additional  work  in  includ¬ 
ing  it. 

The  method  i*  to  work  down  from  'top  level’  state 
aggregates  by  matrix  partitioning  until  the  system 
operational  states  are  reached,  This  has  the  advantage 
that  state  transition  rates  which  are  common  to  subsets 
of  states  cun  be  manipulated  economically. 

The  procedures  ure  best  described  by  example.  The 
process  is  outlined  in  Figure  10*2.  Beginning  with  the 
top  level  stales,  the  system  Is  progressively  detailed  to 
lower  levels.  At  each  level,  the  steady  state  solution  is 
'normalized’  by  matrix  manipulation,  so  that  by  the 


time  one  has  worked  down  through  the  second  level, 
the  resulting  matrix  to  be  inverted,  or  otherwise  solved, 
is  only  n  x  n,  if  the  system  has  n  ‘operational’  states, 
where  ‘operational’  states  are  distinguished  from 
movement  und  tactical  activity  states. 

The  top  level  expression  is 


AX-0  (10,45) 

Expand  the  matrix  and  vector  to  describe  transitions 
between  the  movement  and  non-movement  states. 


I 

=3 

,2“ 

1  _ 

X 

1 _ 

ul  N2'bl 

■  - 

*2 

m  «* 

(10.46) 


where  Ni.Nj  describe  transitions  that  occur  only  within 
Xi.Xi  respectively. 

The  fractions  of  time  spent  In  X(,X?  (designated  us 
Hi,  Ft,  Fi  +  F?  ■  I )  are  obtained  by  setting  Ni,N?  - 
0  and  solving  the  above  expressions,  obtaining 


10-10 


(10.47) 


F1  "  a“Tb  ;  F2  “  aTb 
normalize  the  matrix  equation  ai  follow* 

If,  |N,  •  al)  F2bl 


F,al 


MB 

*1*1 

| 

x2/f2 

•  0 


(10.48) 


Substitute  the  values  for  F  within  the  matrix  and 
write  Y  «  X/F 


NIU-1  1 

1 - 

.  >* 

1  N2b.| 

RJ 

1 _ 

(10,49) 


The  transition  rates  between  combat  and  alert  need 
not  be  the  same  in  the  movement  and  position  states. 
At  this  level  we  also  explicity  show  the  system  opera¬ 
tional  state  transition  matrix  M.  M  will  be  different  in 
each  of  the  four  substates.  The  Ni.Nj  matrices  ex¬ 
panded  before  normalization  are,  where  the  o,  ft  are 
transitions  between  combat  and  alert, 


N|  - 


M j  - U|  I 


a,! 


Ni 


(3,1 

M2-0|l 


Mj  -  Qjl  (3 2I 
ajl  M.^  -  d2I 


These  urc  divided  by  a,  b  respectively 


(10.53) 


(10.54) 


where 


Nlu  “  N|  :  N2b  "  b"  Nj 


(10.50) 


Since  the  normalization  makes  all  elements  of  Y|  sum 
to  unity  and  all  elements  of  Y2  sum  to  unity,  the 
problem  cun  be  separated  into  two  parts  by  solving  for 
Yi.Yj  frotu  the  above  expression. 


lNlu  +  N2b-N2bNla]Y1  -  0 


lNla  +  N2b-N|UN2blY2-0 


(10.51) 


(10,52) 


Next  expand  the  matrices  and  vectors  to  identify  the 
separate  alert  and  combat  states  within  each  movement 
state.  We  need  work  only  with  Yi  since  the  expressions 
are  symmetrical  and  we  can  write  each  by  inspection 
from  the  solution  to  the  other. 


Nla“ 


Mla "  alu‘ 

0|„1 


^2u  *  ^lu1 


N 


2b  " 


M3u*a2b‘  <32b1 
tt2b‘  M4b  ’  02b1 


(10.55) 


(10.56) 


Substituting  these  expressions  into  the  relation  for  Yt 
und  expanding, 


Bircll  B12  +  c2! 

B2|+C|l  B22  •  c2l 


11 


12 


•  0 


where 


(10.57) 


cl  “  a2b  +  alu(|  +a2b  +  02b> 

c2  *  02b  +  01u(1  +a2b  +  02b>  (10.58) 
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First  consider 


^nd 


*11  *  Ml» ♦M3b‘MlaM3b  +  MUa2b  +  M3ba!a 
B22  ■  M2b  +  M4b  -  M2a  M4b  +  M2a  02b  +  M4b  ^la 


p-  L]*1  (10.63) 


b12  "  •M2a(J2b‘M3b^la 
B21  "  *MIaa2b‘M4bala 


(10.59) 


As  before,  we  can  determine  the  way  in  which  the  time 
spent  in  Yi  divides  between  Yu  and  Yu  by  setting  the 
B,i,  m  0  and  solving  to  obtain 

C2  C' 

Fn  • 


'I 


c,  +c2  1  F12  *  c,  +c2 


Again  normalizing,  with  Z  ■  Y/F 


cn-i 

C2l  +  1  c 


12  + 
22  ‘ 


V 

ZI2 

where 


C|  i  ■  Bj  j/c  ;  C|2  ■  Bj2/c 


(10.60) 


(10.61) 


where  L  is  a  matrix  containing  only  failure  transition 
probabilities. 


(I  •  L)*1  - 


—  •» 

1  +  ILj  0  0 

h 

1  +  SLj  0  0  • 

-L,  1  0  < 

1+IL  1  ° 

l2 

-l2  01. 

mi q  0  ‘  • 

1  • 

•  its 

so  that 


(10.64) 


P-Lr*  »  t+(l  +  SLj)*1  tL]  (10.65) 


'21  “21 


B^i/c  ;  C 


22  “221 


Bjj/c 


(10.62)  Next  consider 


On  solving  for  Zn.Zss  in  matrix  form  we  now  And 
that  we  must  invert  at  least  one  of  the  matrices  includ¬ 
ing  a  C|k.  Now  each  of  the  C|k  turns  out  to  be  Mark¬ 
ovian,  however,  for  the  most  general  form  of  the 
constituent  M  (system  operational  matrix)  the  inver¬ 
sion  is  tedious,  out  possible.  There  are  two  ways  of 
circumventing  this  problem. 

a.  Choose  a  'worst  case’  and  allow  no  repairs  dur¬ 
ing  movement,  and  no  repairs  during  the  combat 
substate  of  the  position  state,  This  leaves  only  M4 
as  the  matrix  with  both  fail  and  repair  states, 
and  inversion  of  the  other  matrices  is  simple. 

b.  Apply  the  Taylor's  series  expansion  described 
earlier,  in  which  case  all  of  the  required  matrices 
are  easy  to  invert. 

For  reference  we  show  the  matrix  inversion  for 
matrices  containing  only  failure  transition  probabilities 
or  only  repair  transition  probabilities. 


(1  •  M]'1  (10.66) 


where  M  is  a  matrix  containing  only  repair  transition 
probabilities, 


”  ml  m2  “ 

1  *m,  »m2 

1  l~  rtn^  ' 

0  1  +  rtlj 

0  • 

■ 

0  0  ■ 

0  0 

1  +  nii  ■ 

* 

0  0  ~ —  ' 

1  ♦  m2 

(10.67) 


whence 


take  me  partial  derivative  with  respect  to  Xal,  then  set 
all  X  -0 

A0  |dV/0\al]  +  [3Ao/0Xa,|  Y0  -  0  (10.73) 

where  the  subscript  (o)  indicates  that  the  A  *  0.  Also,  If 
there  are  no  failures 

Y0T  •  (1  0  0  .  .)  (10.74) 

Performing  the  operations 


(10,68) 

Note,  however,  that  if  one  wishes  to  compare  a 
variety  of  systems  for  a  specified  net  of  movement  and 
tactical  activity  stales,  the  progression  of  analysis 
through  the  second  level  needs  to  be  done  only  once, 
since  only  the  M  matrices  will  differ  across  systems, 

10.S.2  Explicit  Solution  of  Particular  Caae 

To  relate  the  foregoing  algebra  to  reality,  we  choose 
an  abbreviated  example,  in  which  there  are  only  two 
tactical  states,  with  fail  and  repair  possible  in  each 
state,  but  at  different  rates,  in  accordance  with  our 
prior  conclusion  regarding  multiple  simultaneous  fail* 
ure  modes,  we  consider  only  single  fail  modes  for  the 
system, 

The  mutrix  equutlon  for  one  of  the  tactical  states  Is 
lNlu  +  N2b‘N2bN|aJ  Yl  "  0  (|0'69> 

where  the  N  are  now  the  system  operational  state  transition 
matrices  which  we  expand  as  follows,  in  terms  of  fail  and 
repair  rates. 


Nla  " 


N2b  " 


»«! 

pul 

^a2  '  ' 

Xal 

*^ul 

0  .  . 

\il 

0 

’^u2  '  • 

2kbl 

^bl 

^b2  .  .* 

*bl 

■"bl 

0  .  . 

*b2 

0 

•A<b2  ■  ■ 

(10.70) 


(10.71) 


Although  we  could  multiply  the  matrices  and  solve 
the  resulting  expression  for  the  Yh  the  algebra  becomes 
tedious,  Instead  we  use  the  ruse  of  expanding  Y>  in  u 
series  in  the  A. 


Writing  the  original  expression  us 
AY  «  0 


‘°  "bl^ul  ♦PblPal  ^2 +^2  *^2^2  ']  ‘3YI0/S\,|' 
0  m^ui-PbiPst  0  ■  aYii/a\.i 

0  0  *b2**fca  *^2^2  ■  dY12/fl\.l 


1  +*ibl 
<l+*bl> 
0 


(10,75) 


The  solution  of  the  above  is  easily  obtained  by 
inspection  and  it  can  at  once  be  generalized  to  all  of 
the  other  A.. 


3Y10 

“JT’vvv! 

3Y,  3Y10 

& 

5^  1  0  !  k*°-J 


(10.76) 


Repeating  the  above  operations,  but  differentiating 
wltn  respect  to  the  fit\  we  obtain 


M0  3Y/dHbl 


(10,77) 


where  M„  is  the  sameju  matrix  previously  derived 


(10.72) 


.-i  tn*  V  i 


S5m  A  >  ■'§  ‘ SLf . ' 


W'c  can  now  write  the  full  solution  as 


J  'V'Wbj 


(10.78) 


•J 


MbjTb 


(10,84) 


Yi0-l-LYij  (10,79) 

The  solution  for  the  complementary  state  Y8  and  its 
sub-states  is  obtained  by  simply  interchanging  the  a,b 
subscripts  in  the  above  expression. 

We  can  now  make  the  effect  of  relative  system  time 
in  the  1,2  top  level  states  explicit  by  remembering  that 
the  mean  time  in  state  1  in  T,  -  I  /a  and  the  mean 
stay  in  state  2  is  T„  -  1/b.  In  the  first  normalization 
operation  each  X  and  js  was  divided  by  a  or  b  as 
appropriate.  Writing  1.,  *  failure  rate  before  divid¬ 
ing  by  a,  so  that 

Luj  "  a*aj 


and 


Maj  -  ttu„j  (10.80) 

with  slmllur  expressions  for  b, 

Y  W‘*W*M,iTb 

U  "  MttJTu  +  MbjTb  +  (MajTa)(MbjTb) 

(10.81) 

Y.o-i.SYn  (10.82) 

J 


To  clarify  the  meaning  of  the  expression  consider  a 
case  in  which  failures  occur  only  in  state  (1),  and 
repairs  only  are  made  in  state  (2),  For  the  j'th  state 
(component  J  down), 


LajTa 

LaJvv; 


(10.83) 


The  first  term  represents  failures  which  occur  during 
state  ( I )  when  no  repair  is  allowed,  The  second  term 
represents  the  recycling  of  prior  failures  for  which 
repair  was  not  completed  in  state  (2). 


If  we  observe  component  j  in  state  2  we  find 


which  represents  the  residue  of  uncorrected  failures  in 
state  (2). 

Next,  to  be  even  more  explicit,  we  consider  the 
application  of  the  methodology  to  a  specific  system 
configuration. 

10.S.3  Evaluation  of  Spoeiflo  Fire  Unit 
Configuration 

Consider  a  fire  unit  with  the  following  characteris¬ 
tics,  which  display  a  multitude  of  possible  operational 
modes: 

The  fire  unit  mounts  both  a  surveillance  and  a 
tracking  radar.  Each  radar  has  its  own  servo  system 
and  is  Independently  driven.  An  optical  sight  is  nor¬ 
mally  slaves  to  the  tracking  radar,  but  can  be  indepen¬ 
dently  controlled  by  a  human  operator  with  a  drive 
controller. 

In  the  human  operator  tracking  mode  the  angular 
tracking  data  is  normally  processed  by  the  Are  control 
computer  but  if  the  computer  is  out,  it  can  be  by¬ 
passed,  in  which  case  the  operator  lays  the  gun  directly 
and  estimates  lead  on  a  fixed  reticle  in  his  sight. 

With  the  computer  functioning  the  gun  is  laid  auto¬ 
matically  to  the  computer  generated  firing  data. 

if  either  the  surveillance  radar  or  the  IFF  unit  is  out, 
the  corresponding  function  is  performed  visually. 

If  all  system  power  is  off  the  gun  can  still  be  laid 
manually  by  handwheels,  but  the  possible  tracking 
rates  are  so  low  that  this  mode  can  be  used  only 
against  fixed  targets  or  for  barrage  fire. 

The  various  operational  modes  are  indicated  in  the 
diagram  of  Figure  10-3.  Considering  all  combinations 
yielding  a  possible  operational  state  one  finds  2$  oper¬ 
ational  states.  Even  without  considering  the  many 
down  states  that  must  be  considered,  this  makes  for  an 
impressive  matrix  of  state  transition  probabilities. 

If,  however,  one  assumes  that  no  system  will  be 
acceptable  in  which  any  single  subsystem  has  less  than 
about  0.R0  availability,  it  is  possible  to  ignore  all 
operational  states  containing  more  than  one  failed 
subsystem, 

For  the  hypothetical  system  the  number  of  opera¬ 
tional  states  to  be  considered  then  reduces  from  25  to 
6,  as  follows 

a.  System  all  up. 

b.  Surveillance  radar  only  down. 
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Flour*  10-3.  Operational  Modes  of  a  Hypothatlcal  Fir*  Unit 


c.  IFF  unit  only  down. 

d.  Trucking  rudur  only  down. 

e.  Computer  und  associated  input-output  device* 
only  down. 

f.  Gun  servos  or  power  supply  only  down. 

This  is  a  manageable  number. 

The  subsystems  identified  above  are  next  developed 
in  Table  X-4  showing  the  mean  time  to  failure  from 
an  operational  statu  und  the  mean  time  to  repair,  for 
each  component. 

The  table  shows  these  parameters  for  each  move¬ 
ment  phase,  and  each  tactical  activity  state  within  a 
movement  phase, 

All  of  the  fail  und  repair  rates  listed  in  the  table  are 
fictitious,  They  are  intended  to  indicate  the  following 
assumptions. 

u.  During  movement  any  subsystem  may  fail  even 
though  it  is  not  activated,  This  is  the  result  of 
shock  and  vibration  of  travel. 

b.  In  the  alert  state  components  requiring  wurm-up 
have  power  applied,  but  only  the  surveillance 
radar  is  fully  active.  However  an  occasional  false 
‘red  alert'  will  result  in  full  system  activation, 
although  the  guns  may  not  be  fired, 


c,  In  the  combat  state  the  system  is  fully  activated, 
but  only  a  small  fraction  of  the  time  represents 
active  firing, 

Other  decisions  are  required  as  to  the  amount  of 
repair  permitted  in  each  state.  A  worst  case  is  to 
assume  no  repair  during  a  movement  phase,  and  no 
repair  during  a  combat  state  of  a  position  phase.  An 
alert  state  of  a  position  phase  allows  repairs,  but  the 
system  will  of  course  be  down  during  repairs. 

We  now  abstract  the  parameters  for  the  position 
phase,  assuming  that  there  is  no  movement  phase,  omit 
the  passive  phase,  and  determine  how  the  system 
availability-dependability  depends  on  the  interaction 
of  the  tactical  and  operational  states. 

We  make  the  following  explicit  assumptions 

a,  Only  a  position  phase  is  involved, 

b,  Alert  is  continuous  unless  interrupted  by  a  com¬ 
bat  state, 

c.  There  are  no  repairs  during  a  combat  state, 

d.  Attacks  occur  at  a  mean  rate  of  0.10  per  hour 
and  each  corresponding  combat  state  has  a  mean 
duration  of  1.0  hour,  The  corresponding  mean 
duration  of  an  alert,  non-combat  state  Is  10 
hours, 


Table  X-4,  Assumed  Failure  and  Repair  Paramitara 


Movimint  Phis* 

Position  Phm 

Mun  Tims  to  Fill  (Hit) 

Mun  Tima  to  Flit  (Hn) 

II 

Combit 

Alirt 

Passive 

Main  Tlmi 
to  Rapeir 

Combit 

Alirt 

PtlllVI 

Timi  to 

Repair 

(Non  Combat) 

Surveillance 

Radar  Subiyittm 

60 

100 

800 

too 

500 

- 

2.0 

Tricking  fUdir 

Subsystem 

20 

too 

800 

40 

200 

- 

IFF 

Equipment 

80 

110 

1000 

ij 

too 

200 

- 

t.O 

Computer  and 

Input-Output  Units 

40 

800 

1300 

1 

20 

1250 

- 

1.0 

Cun  Lsylns 

Servo  System 

60 

400 

800 

! 

100 

800 

- 

4.0 

Power  Supply 

300 

1600 

2000 

0 

tooo 

2000 

- 

All  Other 

Essential 

Subsystems  ind  Components 

10 

160 

1000 

20 

500 

- 

1.0 

From  the  prevloualy  developed  Equation  10.81,  the 
probability  that  the  system  Is  ‘all  up  during  the  com* 
oat  state  Is 

Yoe  “  W']j  (10ltiJ) 


2017  MM 

tern  Is  simply  the  corresponding  J'th  term  in  each  of 
the  respective  braces. 

The  state  probabilities  have  been  worked  out  numer¬ 
ically  for  the  fail  and  repair  rates  given  in  Table  X-4 
and  are  shown  In  Table  X-S. 

The  probabilities  given  for  the  combat  state  in  the 
table  are  the  equivalent  of  the  availability  a  depend¬ 
ability  operation  in  the  WSEAIC  format.” 


The  first  term  within  the  braces  represents  the  unre¬ 
paired  failures  that  occurred  during  the  alert  state.  The 
second  term  has  two  elements:  the  first  represents  new 
failures  during  the  combat  phase;  the  second  repre¬ 
sents  failures  that  occurred  during  prior  combat  phases 
on  which  repuir  was  not  completed  during  prior  alert 
phases. 

The  corresponding  expression  for  the  probability 
that  the  system  is  'all-up*  during  the  alert  phase  is 


The  degradation  from  unity  for  the  ull-up  probabil¬ 
ity  in  the  combat  state  has  the  following  components 

Unrepaired  failures  from 

the  alert  state  0.045 

New  failures  during  the 

combat  state  0.096 

Unrepaired  failures  from 

prior  combat  states  0,030 

0. 126 


Y 


ou 


(I0.H6) 


I  he  probability 
in  a  state  defined 


that  the  system  is  not  ‘all  up'  but  is 
by  non-opcrablllty  of  the  j’th  subsys- 


The  degradation  from  unity  for  the  all-up  probabil¬ 
ity  in  the  alert  state  has  the  following  components 

Unrepaired  failures  from 

prior  combat  states  0.030 

Unrepaired  failures  in  the  0,04$ 

alert  State  mimmm 

0,075 
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Table  X-5  System  State  Probabilities 


Tsettosl  Ststu 

Opariilonil 

Suu 

Combit 

Alert 

Remtrki 

£  ' 

All  Up 

0,829 

0.923 

Fully  Operational 

Surveillance 

Rider 

0.019 

0.009 

Tricking  Ridir 

o.oss 

0.030 

! 

IFF  Kqulpt 

0,016 

0.006 

Operation  Poiilble 

1 

Computer  md 

0,029 

0,009 

in  in  ilternite  or 

1 

Anclllitlet 

deluded  mode 

Ciun-liying 

Servo* 

0,019 

0.009 

I 

Power  Supply 

0.001 

0,000 

All  other 
■ubiytlemi  md 
Component* 

0.012 

0.012 

No  Operitlon  Poulble 
without  repair 

20871-610 


The  foregoing  computations  required  only  a  few 
minutes  with  u  slide  rule.  It  seems  evident  that  If  one 
admits  the  assumptions  and  approximations  involved, 
the  more  general  case  of  two  movement  states  with 
three  tactical  substates  In  euch,  and  any  number  or 
single  failure  modes  and  alternate  operational  states  of 
the  system  being  evaluated  can  be  worked  with  an 
acceptable  amount  of  effort. 

The  possibility  should  not  be  excluded  that  the 
approximations  may  have  reduced  the  problem  to  one 
for  which  u  simpler  path  to  the  solution  can  be  found 
by  going  buck  to  first  principles,  and  introducing  the 
approximations  ab  initio, 

10.1  MU  ABILITY  1ST!  MATH 

Estimation,  measurement,  and  verification  of  the 
reliability  of  a  military  system  constitute  a  specialised 
area  of  activity  which  is  usually  defined  explicitly  in 
requirements  documents  and  contracture!  agreements. 
Reliability  analysis  Is  usually  carried  out  by  specialists 
using  data  banks  of  reliability  dam  on  past  and  exist* 
ing  systems,  subsystems,  components  and  elements,  it 
it  Tar  beyond  the  scope  of  the  present  report  to  cover 
this  held  adequately,  Here  we  note  only  briefly  the 
nature  of  the  activity  as  a  system  proceeds  from  con* 
cept  to  use, 


10,6,1  letlmatlon  and  Aoquleltlon  of  Reliability 

Data 


When  the  system  is  in  the  conceptual  stage,  reliabil¬ 
ity  estimates  are  made  by  first  determining  those  sys* 
tem  elements  which  are  similar  to  elements  already  in 
use  and  those  which  are  new.  Reliability  of  the  former 
is  estimated  on  existing  data,  reliability  of  the  latter 
requires  estimates  based  on  a  study  of  the  design,  and 
a  general  knowledge  of  'reliability  physics.'  As  the 
concept  moves  Into  design,  special  reliability  tests  may 
he  made  on  a  continuing  basis  of  new  components  for 
which  no  data  exists.  Records  kept  on  operating  and 
repair  performance  of  subsystems  of  a  prototype  as 
they  are  assembled  provide  progressive  improvement 
of  the  original  reliability  estimates,  During  acceptance 
tests,  a  formal  reliability  validation  effort  determines 
whether  the  system  meets  requirements.  Once  it  is  in 
tlm  field,  TAERS  records  provide  a  pool  of  informa* 
tion  which  cun  be  applied  to  new  systems. 

There  are  numerous  official  documents  which  eatab* 
lish  design  standards  to  help  to  avoid  some  of  the 
known  causes  of  unreliability  that  have  been  encoun* 
tered  In  the  past.  However  achievement  of  excellent 
reliability  always  begins  with  the  equipment  designer: 
it  is  designed  into  the  equipment,  not  added  after 
design, 
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A  survey  of  published  U.S.,  and  some  Soviet  reliabil¬ 
ity  data  are  included  in  the  text  by  Polovko.”  This  and 
other  reliability  texts  will  not  make  the  reader  a  reli¬ 
ability  expert,  but  they  do  illustrate  how  reliability 
measurements  on  generic  parts  types  vary  with  the 
source  and  differences  in  measurement  techniques  and 
conditions,  Polovko  cites  a  method  for  applying  a  set 
of  component  reliability  estimates  taken  under  one 
consistent  set  of  conditions  to  a  new  environment,  in 
which  the  reliability  of  only  one  member  of  the  set  is 
known. 

A  survey  and  comparison  of  methods  predicting 
reliability  has  been  given  by  Dworkin,'*  This  includes 
methods  which  correlate  reliability  against  many  other 
component  characteristics  in  addition  to  the  original 
active  element  and  piece  count  methods, 

The  opinion  of  a  non-expert  in  reliability  is  that  as 
in  all  systems  analysis  problems,  estimates  of  reliability 
of  the  same  equipment  by  separate  skilled  groups  will 
differ,  sometimes  widely.  The  reliability  assurance 
process  then  consists  of  initial  estimates,  refined  and 
Improved  by  continued  and  progressive  part,  compo¬ 
nent,  subsystem  and  system  testing  as  a  new  system  is 
assembled  and  produced. 

10.6,2  Validity  of  the  Bxponontlal  Failure 
Assumption 


The  data  was  taken  on  11,168  hours  of  system 
operation  (33  systems)  between  assembly  and  installa¬ 
tion  in  aircraft. 

The  mean  operating  time  between  failures  (MUT) 
was  4.87  hours  with  a  standard  deviation  of  3.90 
hours. 

Defining  R(t)  -  probability  of  operating  without 
failure  for  t  hours,  it  was  found  that  R(t)  could  be 
expressed  as 

R  (t)  ■  1  ;  (Welbull  distribution)  (10.88) 

with  a  ■  3,36;  c  ■  0.822 

For  "exponential"  failure,  c  *  1.0 

For  the  Welbull  distribution 

MUT  ■  r[(l  +c)/c](l/a)*1/c  ■  r[(l  +c)/c]a^c 

(10.89) 

The  following  Weibull  Parameters  were  found  for 
failure  cause  sub-populations  (Table  X-6). 

The  report  states,  'The  Weibull  shape  parameter  c,  is 
less  than  one  for  each  failure  cause.  These  results 


For  the  models  used  in  this  report  the  dependability, 
the  probability  that  a  system  will  operate  without 
failure  for  a  time  t,  is  assumed  to  be 


(10.87) 


How  closely  does  this  approximate  real  life? 

Many  studies  indicate  that  it  is  an  excellent  approxi¬ 
mation  for  systems  dominated  by  electronic  compo¬ 
nents,  such  as  radars,  We  digress  briefly  to  cite  some 
measurements  taken  on  a  fire  control  system  and  re¬ 
ported  by  Bredemann.16  The  measurements  were  taken 
early  in  the  system  life,  between  the  assembly  line  and 
delivery  to  the  user.  The  system  Itself  was  an  active  tali 
defense  system  for  a  strategic  bomber. 

The  system  under  examination,  exclusive  of  the 
armament  (guns)  consisted  of  a  radar  transmitter  and 
receiver,  staoiliied  platform,  computer,  radar  signal 
processing  circuitry,  weapon  control  circuits  and  radar 
antenna  control  circuits,  Primary  electric  power  was 
supplied  Trom  the  aircraft  electrical  system.  Hydraulic 
power,  special  electric  power  and  regulation  of  pri¬ 
mary  power  was  provided  by  the  defense  system,  The 
system  had  simultaneous  search  and  track  capability, 
using  dual  radar  and  antenna  systems. 


Table  X-6.  Welbull  Parameters  For  Failure  Cauaa 
Sub-Populations 


Welbull  Perimeters 

failure  Cause 
Sub-population 

a 

c 

Fabrication 

Defects 

15.5 

.780 

Marginal  Equipment 

Design 

21.3 

.748 

Part  Design 

Deficiencies 

42.1 

.837 

Potentiometers 

31,2 

,778 

Malays 

83.1 

,939 

Semiconductors 

63.4 

,947 

Transformers, 

Chokes,  and  Motors 

49.9 

.828 

Tubes 

32.1 

,803 

2081 1 -6  H 
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emphasize  the  strong  effect  that  turn-on  transients  have 
tn  inducing  failures.’ 

It  ii  interesting  that  failures  attributable  to  the 
maintenance  activity  were  so  frequent  that  when  they 
were  removed  from  the  data  the  mean  time  to  failure 
for  other  causes  was  about  doubled. 

It  may  be  concluded  that : 

a.  The  simple  exponential  model  (c  -  1.0)  is  a  fair 
approximation  for  initial  system  reliability  esti¬ 
mates  until  test  data  on  actual  components  be¬ 
comes  available. 

b.  As  the  system  development  moves  forward,  the 
evaluation  model  can  be  improved  by  more  accu¬ 
rate  representation  of  the  failure  probability, 
such  as  by  use  of  the  Weibull  distribution.  This 
will  complicate  the  analysis. 

c.  Beware  of  maintenance. 

10.7  MAINTENANCE  AND  REPAIR 
CONSIDERATIONS 

Table  X-7  from  AMCP  706- 1 34”  describes  catego¬ 
ries  of  maintenance.  Organizational  maintenance  and 
repair  is  limited  to  relatively  simple  activities,  however, 
by  proper  equipment  design  the  scope  of  the  repair 
activity  can  be  increased  by  simple  means  for  malfunc¬ 
tion  location  und  component  removal  and  replacement. 


Direct  support  maintenance  has  greater  capability,  it 
is  in  the  same  organisation  as  the  units  supported,  and 
although  time  delays  will  be  greater  than  for  organisa¬ 
tional  repairs  (when  possible)  they  are  lets  than  those 
associated  with  general  support  maintenance.  There 
may  be  delays  associated  with  competition  for  support 
services  and  limited  crews. 

Capability  and  time  delays  are  still  greater  for  gen¬ 
eral  support  maintenance.  Depot  maintenance  essen¬ 
tially  removes  the  equipment  from  the  tactical  environ¬ 
ment,  involves  much  larger  delays,  and  should  prob¬ 
ably  be  paired  with  the  probability  that  a  replacement 
piece  of  equipment  will  t>e  supplied  the  user  while  his 
equipment  after  repair  goes  into  the  supply  pool. 

These  activities  as  defining  maintenance  und  repair 
states  for  the  system  are  configured  in  Figure  10-4. 

Like  reliability,  maintainability  analysis  is  a  special¬ 
ized  field  in  itself,  and  is  properly  done  by  groups 
skilled  in  the  field.  Numerous  trade-offt  can  be  made 
involving  manpower  skills  available  at  each  echelun  of 
maintenance,  automatic  checkout  and  fruit  location, 
repair  versus  discard  options  at  each  subsystem  and 
component  level,  the  number  of  spare  parts  carried  at 
each  organizational  level,  the  number  of  maintenance 
personnel  assigned  and  the  numbers  and  types  of 
systems  they  service,  and  so  on.  Since  the  cost  of 
maintenance  usually  exceeds  the  Initial  cost  of  complex 


Tuble  X-7.  Catagoriea  of  Maintenance  in  e  Theater  of  Operations 
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Figure  10-4.  Operational  and  Maintenance  Statea 

military  equipment  over  its  life  cycle,  these  and  many 
other  options  are  fertile  topics  for  cost  reduction  ana 
overall  system  optimization. 

From  tt  military  operations  point  of  view,  however, 
neither  reliability  nor  maintainability  is  a  proper 
trade-off  against  system  performance  (i.e.,  effectiveness 
in  its  proper  operational  state).  A  system  that  has  high 
effectiveness  when  it  is  working,  but  is  often  inopera¬ 
ble  is  not  a  good  military  choice  over  a  system  of 
moderate  effectivene- s  that  is  almost  always  opera¬ 
tional  even  though  both  have  the  same  'average'  effec¬ 
tiveness.  To  this  writer,  the  proper  attitude  to  take  on 
reliability  and  maintainability  is  to  set  levels  of  the 
triad,  reliability,  maintainability  and  availability  that 


are  consistent  with  the  simple  fact  that  the  military 
requires  materiel  that  will  work  when  it  is  needed  and 
can  be  maintained  in  the  held.  For  a  particular  system, 
the  life  cycle  cost  of  meeting  these  requirements  is  then 
compared  with  the  system  performance  estimates  to 
determine  whether  the  system  should  be  procured. 

This  in  no  way  reduces  the  critical  importance  of 
reliability  and  maintainability,  but  it  excludes  from 
consideration  system  configurations  with  low  availabil¬ 
ity,  regardless  of  their  effectiveness  when  they  are 
working. 

10.7.1  Souroea  of  Maintainability  Data 

Most  of  the  comments  made  with  regard  to  reliabil¬ 
ity  data  apply  to  maintainability  data.  For  a  new 
system  the  estimation  of  the  maintainability  parame¬ 
ters  is  a  combination  of  extrapolation  from  data  on 
existing  systems  and  estimation  for  new  components 
and  subsystems.  As  in  the  case  of  reliability,  there  are 
groups  of  specialists  in  maintainability,  usually  as  a 
part  of  the  same  organization,  or  the  same  group. 

Since  maintainability  as  an  analytical  held  is  some¬ 
what  more  recent  than  reliability,  the  data  bank  is  not 
as  large,  However  it  is  growing,  A  review  of  maintain¬ 
ability  analysis  is  given  by  Slattery.14 

Just  as  In  the  case  of  reliability,  maintainability 
begins  with  the  system  designer.  Maintainability 
guides  for  design  will  be  found  on  AMCP  706-134" 
and  related  handbooks  of  the  Army  and  the  other 
services, 

The  need  to  measure  maintainability  early  In  system 
prototype  development  where  changes  can  he  most 
easily  made  is  perhaps  less  recognized  than  in  the  case 
of  reliability.  It  is  common  knowledge  that  mainte¬ 
nance  actions  can  introduce  new  failures  (as  all  auto¬ 
mobile  owners  know).  A  partial  cure  is  eusy  accessibil¬ 
ity  of  components  with  the  higher  fail  rates, 

On  the  whole,  since  reliability  can  be  designed  into  a 
system  at  the  manufacturer's  plant  and  maintainability 
must  be  done  in  the  held  by  available  personnel  of 
vurying  skills  und  experience,  it  is  best  to  achieve  high 
availability  by  high  reliability  and  simple  maintenance, 

10.7.2  Validity  of  tha  exponential  Repair 
Assumption 

The  analytical  methods  for  combining  reliability  and 
maintainability  thus  far  have  used  a  simple  exponen¬ 
tial  approximation  for  the  holding  time  of  the  system 
in  the  repair  and  maintenance  state,  Although  this  is 
usually  satisfactory  as  long  as  one  works  with  expected 
values,  the  approximation  deviates  greatly  from  reulity 
in  many  cases  if  one  is  interested  in  probability  density 
functions  for  various  state  durations. 

Many  unalyies  of  probability  density  functions  of 
repair  operations  have  indicated  that  the  time  to  rc- 
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Figure  10  5.  Sequential  Subetate  Repair  Model 

store  to  service  tends  to  have  a  log-normal  distribution, 
and  there  are  some  a-priori  grounds  based  on  sequen¬ 
tial  selection  among  alternatives  that  lead  to  such  u 
distribution.  The  log-normai  function  docs  not  fit  eas¬ 
ily.  if  at  all.  into  the  state  space  formulation  Howler, 
the  Erlang  distribution,  which  is  compounded  of  a 
number  of  simple  exponential  delays  has  nearly  the 
same  shape  and  does  fit  the  state  space  model.  We 
review  briefly  how  this  comes  about. 

A  simple  method  for  replacing  the  simple  exponen¬ 
tial  holding  tune  in  a  state  (maintenance  and  repair, 
for  example)  by  a  probability  density  function  approx- 
imat.ng  the  lognormal,  yet’  still  retaining  the  linear 
constant  coefficient  form  of  the  state  differential  equa¬ 
tions  is  the  following:1' 

Consider  the  simple  system  configuration  of  Figure 
10-5.  The  repair  state  has  been  subdivided  into  a 
number  of  sequential  suhstutes.  For  this  example  the 
mean  stay  in  each  state  (/x ) 1  is  assumed  to  be  the  same 
for  each  suhstute,  but  different  stay  times  could  be 
used 

The  matrix  equation  is 
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If  solve  lor  the  steady  state  solution  by  setting 
(>,<•  derivatives  equal  to  zero  we  find  that  availability  is 


(jjM 

X+lWn) 

and  so  the  repair  state  subdivision  has  no  effect  on  the 
steady  state  availability,  and  we  could  as  well  have 
assumed  a  single  state  with  mean  stay  in  the  state  (n/ 

M)' 

However,  if  we  examine  the  probability  density 
function  for  the  duration  of  stay  in  the  repair  state  we 
find  that  it  is  no  longer  a  simple  exponential.  To 
observe  this  assume  that  at  t  «  0,  the  system  enters 
the  repair  state,  *o  that  X|(0)  ■  1.0.  We  determine  the 
probability  that  it  emerges  from  repair  as  a  function  of 
time,  by  solving  for  X,(t),  assuming  no  new  reentries 
to  the  repair  state.  By  Laplace  transforms 

X0(s)  *  I/s  |q/(s+q)]n  (10.92) 

dX0(t)/dt  ■  ~~  (pO'V^  (10.93) 

The  mean  stay  in  repair.  T„  may  be  obtained  from 
the  Laplace  Transform  as 

Tr  -  Lint  •(  3/8 s)[s  Xu(s)]  (10.94) 


and  the  variance  of  the  holding  timoir2  is 


o-2  „  LiniilS  -Tr2  (10.95) 

s-*0  3S2  r 


Then 


Tr  ■  n/|JL 


0-2.  n/ (j.2  (10.96) 

If  we  hold  T,  constant,  varying  the  number  of  sub¬ 
states  n.jt  -  n/T, 

0-2  -  Tr2/n  (10,97) 

For  eonstunt  T,,  Figure  10-6  shows  How  the  proba¬ 
bility  of  remaining  in  the  reputr  state  as  a  function  of 
time  vuries  with  n.  When  n  becomes  very  large,  we 
approach  a  constant  holding  time,  Figure  10 -7  shows 
the  corresponding  probability  density  function  of  hold¬ 
ing  limes.  Nearly,  one  can  obtain  a  probability  density 
function  closely  approximating  a  log-normal  function, 
usually  as  dose  as  the  available  data  justifies. 
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10  7  3  Extended  Modal*  of  Maintenance 

The  model  previously  developed  for  availability  as  it 
is  affected  by  the  various  tactical  states  may  be  ex¬ 
tended  by  introducing  the  maintenance  sub-states  indi¬ 
cated  in  Figure  10-4,  after  which  the  analysis  proceeds 
as  before,  In  addition,  by  further  partitioning  each 
maintenance  sub-state  to  lower  levels  of  detail  one  can 
account  for  transit  time,  administrative  delay,  delays 
waiting  for  spares,  as  well  as  active  repair  time.  For 
initial  rough  estimates  the  average  time  in  all  of  these 
states  for  each  identified  failure  type  may  be  estimated 
and  the  simpler  model  used.  Down  time  for  scheduled 
maintenance  to  that  level  of  approximation  might  be 
included  as  an  equivalent  failure  type,  even  though  it 
is  scheduled.  Since  'scheduled*  maintenance  allows 
some  latitude  in  when  it  is  done,  it  could  be  located  as 
a  ‘failure*  to  occur  only  during  a  ‘passive’  tactical  state 
in  the  simple  model. 

10.8  AVAILABILITY  WITH  MULTIPLE  FIRE 
UNIT8  AND  MAINTENANCE  CREW8 

The  relationships  among  the  number  of  Are  units 
serviced  and  the  number  of  maintenance  crews  availa¬ 
ble  is  discussed  briefly  in  this  section. 

It  is  assumed  that  the  system  contains  N  Are  units 
and  m  maintenance  crews.  Each  Are  unit  is  either 
operable  ot  inoperable  and  being  repaired.  Failure 
rates  and  repair  rates  urn  assumed  to  be  ‘Poisson 
streams'  of  events, 

The  ‘steady  state’  probability  that  n  out  of  N  units 
are  operational  is  determined.  The  problem  and  its 
solution  are  classical,  and  this  paper  simply  reproduces 
well  known  results, 

Extensions  are  required  of  the  analysis  when  the  Are 
units  huve  more  than  one  operational  state  each,  of 
differing  effectiveness,  und  when  distinctions  must  be 
made  umong  failures  according  to  the  maintenance 
skill  required  for  repair  and  the  availability  of  each 
skill. 

Let 


P„  ■>  probability  that  n  units  are  operational  ut 
time  t. 


The  probability  that  a  Are  unit  fails  in  dt  is  taken  to 
be  A„  dt,  that  is  the  failures  occur  as  a  ‘Poisson  stream’. 
The  subscript  of  A„  allows  A  to  be  a  function  of  the 
number  of  systems  operating. 

The  probability  that  a  repair  is  completed  in  dt  is 
also  described  by  a  Poisson  stream  with  a  mean  rule 
M- 

The  following  differential  equations  can  be  written 
at  once 


"  ■  XNPN  +  Mn-1pN-I 
pn  "  ■(\i  +  *in)pn  +  \i+lPn+l  +^n-lPn-l 
K  “  ^oPo  +  Xlpl 


(10.98) 

If,  as  is  usual,  we  are  only  interested  in  the  steady 
state  solution,  set  Pn  -  0, 

The  solution  is  easily  obtained,  following 
Gnedenko"  by  deAning 

zn  "  *^npn  +xn+l  pn+l 

substituting  into  the  original  equations  and  observing 
that 

*o-0 

V*n-l"°  (10‘100> 


hence 


z()  ■  0  Tor  ull  n. 

Hence 

P,i+1  "  Pn<^/>-n+|)  < 10101 ) 

whence 

pn  “  Po  M  (1°'102) 

n- 1  k 


und  since 


N 

£  pn  ■ 10  (10'103> 

n«Q 


P0  can  be  determined. 


There  is  a  priori  no  reason  to  assume  that  the  Are 
units  will  fail  individually  ut  different  rates.  Hence 

An  *  A  ■  constant 


i 


t. 


20871-80.1 
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It  is  assumed  that  only  one  crew  works  on  a  down 
tire  unit.  Hence  as  long  as  crews  are  available, 


-  » IN  ■  n); 

since  N  •  n  units  are  down  and  all  are 


(10,104) 


t-  .*ing  worked  on. 

I(  there  are  more  Arc  units  than  crews 
■  P(N-n) ;  N-nSm 


P«  -  0.65 
P3  -  0.26 
P}  -  0.07 
P,  -  0.02 
Pt  -  0.00 

ir  there  were  one  maintenance  crew  on  each  Are 
unit, 

P4  -  (.9I)4  -  0.66 


20871-804 


|in  ■  ;  N-nam  (10.105) 


in  which  case  the  Pn  ure  obtained  from 


pn-  .TTjfcr  Po  :  isN.„am 


(10.106) 


Nl 


n  nii  0 

m'  ml  n! 


r(N-ii)  p  .  ms  h|t|1 5  n 


(10.107) 


P  \t  nL- 

°  [L n!(N>n)! 


N-tn-l 


r(N-ii)+  y  '«J!L  R(N-I1) 

n  .  ..  * 


0  mnm!n! 


•  1.0 


and  so  for  this  case  there  is  no  appreciable  degradation 
in  having  one  crew  service  four  units.  This  results  of 
course  from  the  fact  that  R  is  assumed  to  be  10, 

However  this  is  a  poor  showing  for  the  4-unit  de¬ 
fense.  since  the  expected  number  of  Are  units  opera¬ 
tional  is  only  3.54  or  88%  of  the  total.  Adding  crews 
does  not  raise  this  percentage,  the  availability  of  the 
individual  Are  units  must  be  Increased. 

10.8,2  Approximate  Solution 

It  is  doubtful  that  any  system  will  be  acceptable  in 
which  PN  for  the  set  of  Arc  units  comprising  it  is  not 
above  80%.  Then  PN.i  will  be  very  small,  and  other  P, 
negligible,  In  this  case  only  one  crew  is  required,  and 

P„  -  *i/(NX  +  m)  (10.113) 


‘  1  +  N  (X/u) 


(10.114) 


10,8,1  Kxample 

(10,108) 

Assume  that  there  is  one  maintenance  crew  which 
cun  only  work  on  one  down  Are  unit  at  a  time.  Then 

"n  B 

(10.109) 

Then 

Pn  B  P0  R"/n!  ;  R  ■  p/X , 
N 

(10,110) 

P°!?oRn/ll!  "  10 

(10.1 1 1 ) 

Rn/ttl 
”  ^Rn/n! 

(10.112) 

u 

Let  R  »  10;  i.c  If  there  were  only  one  Are  unit,  the 
crew  could  keep  it  operable  91%  of  the  time.  Assume 
that  there  ure  4  lire  units,  Then 

*l‘N(X//u)  (10.115) 

since  the  availability  of  a  single  Arc  unit  serviced  by  a 
single  crew  is 


the  above  expression  is  equivalent  to 

PN  ■  AN  Vio.l  17) 

and  the  average  number  of  Are  units  available  is 

E  ■  NA  (10.118) 

which  furnishes  an  easy  transition  from  the  availabil¬ 
ity  computations  of  individual  Are  units  to  the  ex¬ 
pected  number  operable  for  combination  with  capabil¬ 
ity  estimates  in  determining  system  effectiveness. 
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10  9  CONCLUSION  AND  RECOMMENDATIONS 

Beginning  with  the  premise  that  a  military  system 
must  work  reliably  in  its  operational  environment, 
high  levels  of  reliability,  maintainability  and  availabil¬ 
ity  should  be  set  as  objectives  and  must  be  met  by 
candidate  systems  to  survive  the  evaluation, 

Availability  and  its  component  elements  should  not 
be  considered  as  unconstrained  trade-offt  against  capa¬ 
bility  (performance  in  full  operational  state).  Instead 
the  cost  of  keeping  the  system  at  the  specified  levels 
should  be  determined  and  included  in  life  cycle  costs 
for  the  full  cost  versus  effectiveness  comparison.  A 
system  which  cannot  reach  the  specified  ‘RAM'  levels, 
regardless  of  the  amount  of  support  should  be  dropped 
from  consideration. 


For  a  system  with  high  availability,  multiple  compo¬ 
nent  failure  modes  will  have  very  low  probability 
compared  with  single  component  failure  modes.  This 
greatly  simplifies  the  availability  analysis. 

For  a  defense  system  comprised  of  a  number  of  fire 
units  each  with  very  high  availability,  the  analysis  of 
maintenance  crew  and  logistics  requirements  is  also 
simplified. 

To  insure  high  availability  a  great  deal  of  analysis, 
testing,  and  attention  to  good  design  procedures  is 
required. 

Although  not  discussed  in  this  paper  the  difficulty  of 
maintenance  under  combat  conditions  emphasises  the 
achievement  of  high  availability  by  high  reliability  and 
minimal  maintenance  far  more  than  trnuld  be  revealed 
in  paper  studies. 
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SECTION  11 

RELATIONSHIP  OF  RATE  OF  FIRE,  AMMUNITION  LOAD,  RELOAD  TIME  AND  THE 

TACTICAL  SITUATION 


Ai  the  tabulated  data  on  weapon  characteristics 
indicates,  very  high  maximum  rates  of  Are  are  possible 
with  modern  automatic  weapons.  This  characteristic 
interacts  with  the  number  of  rounds  or  ammunition 
charged  in  the  automatic  loading  system,  the  time  to 
recharge  the  loader,  the  available  firing  time  against 
each  target,  and  the  time  interval  between  targets. 

These  interrelationships  may  be  analyzed  by  meth¬ 
ods  similar  to  those  discussed  in  the  previous  section 
on  Availability.  It  was  noted  there  that  to  compute 
operational  availability,  one  must  include  causes  of 
system  down  time  in  addition  to  immediate  repair  of 
failures  under  ideal  conditions,  and  on  the  other  hand, 
changes  in  the  tactical  situation  offer  opportunities  to 
repair  in  non-combat  states  those  failures  which  occur¬ 
red  in  combat  states. 


One  may  similarly  define  an  ‘inherent1  rate  of  Are  of 
thr  gun /ammunition  system  assuming  a  requirement 
Tor  continuous  target  engagement  over  very  long  peri¬ 
ods  of  time.  This  provides  maximum  exposure  or  the 
reload  time,  but  is  a  poor  indicator  of  the  average 
Arlng  rate  attainable  In  a  long  series  of  engagements 
broken  by  non-combat  intervals  between  targets.  On 
this  basis,  if  the  gun  has  a  maximum  on-mount  load  of 
N  rounds,  and  Ares  at  a  rate  v0,  it  can  Are  for  T,  - 
N/v0  minutes,  then  is  down  for  a  reload  time  T„  Over 
a  long  period  of  time  it  is  Aring  for  a  fraction  of  time 


A  ■ 


1  f +  "  r 


01.1) 


How  the  time  to  reload  varies  with  the  number  of 
rounds  loaded  is  a  function  of  the  particular  mechani¬ 
cal  design  of  the  ammunition  feeding  system,  For  a 
Arst  approximation,  we  can  deAne  a  'reload  rate'p0  as 

P0"N/Tr  (11.2) 


•'off 


V  0 


(11.4) 


But  this  is  a  poor  estimate  because  it  assumes  contin¬ 
uous  combat.  We  now  develop  an  Improved  model. 

11.1  STOCHASTIC  APPROXIMATION  TO  FIRING 
AND  RILOAD  STATIC 

In  order  to  combine  the  Aring  and  reload  states  with 
the  tactical  states  we  introduce  a  stochastic  representa¬ 
tion  of  the  Are  and  reload  process  along  the  following 
lines: 

As  the  gun  engages  successive  targets  the  number  of 
rounds  Ared  against  each  will  vary  from  none  to  very 
large  numbers,  depending  on  variations  in  acquisition 
range,  target  breakaway  range,  and  individual  gunner 
differences.  Depending  on  whether  there  has  been  time 
to  reload  before  a  prior  target,  the  available  ammuni¬ 
tion  to  engage  a  new  tnrget  may  vary  from  a  few 
rounds  to  the  maximum  N.  In  complete  ignorance  of 
what  the  real  probability  density  functions  are  of  the 
variables  involved,  we  choose  the  simplest  assumption, 
which  we  state  as  follows: 

Let 

X,  ■  probability  that  the  gun  is  in  a  Aring  state 

X,  ■  probability  that  the  gun  is  in  a  reload  state. 


\  ■  •t'Xg  +  pXr 

X,-vXtt-pXr  01.5) 

v  ■  i>0/N  ;  p  •  P0I N 

If  we  solve  these  equations  for  the  simple  case  of  a 

Sun  beginning  to  Are  fully  loaded,  with  no  reload,  we 
nd  that  the  probability  that  It  is  still  able  to  Are  at 
time  t  is 


Then 


A  ■ 


*0  +  |J0 


(H.3) 


Xtt0) 


•vi 


t/N 


(116) 


and  the  average  rate  of  Are  Is 


whereas  If  we  computed  the  deterministic  solution  we 
would  And 


XJt)  •  l*0»t/N)  ;  P0t/N < 1 .0 

(11.7) 

-0  ;  P0t/N  >  1 ,0 

and  so  the  stochastic  approximation  is  not  unrealistic. 

We  are  now  able  to  combine  the  stochastic  represen¬ 
tation  with  a  description  of  the  defense  against  sequen¬ 
tial  targets  with  tactical  state  transitions. 

11.2  STATE  TRANSITION  RELATIONS  FOR 
DEFENSE  VS  SEQUENTIAL  ATTACKS 

The  tactical  situation  is  defined  in  extended  terms 
using  us  a  busts  the  description  of  Luftwaffe  attacks  on 
Malta  during  the  month  of  heaviest  attacks,  This 
situation  has  enough  generality  so  that  by  changing 
parameters,  one  may  represent  most  tactical  situations 
to  the  same  level  of  realism.  It  might,  for  example,  be 
referable  to  adjust  the  model  to  describe  U.S.  Air 
orce  tactical  operations  in  Vietnam,  given  the  availa¬ 
bility  of  the  appropriate  descriptive  and  quantitative 
material. 

The  situation  considered  is  the  following:  There  are 
three  'ruids'  per  day  on  the  average.  Each  raid  has  a 
mean  durution  of  about  one  hour. 

Each  ’raid'  is  curried  out  on  the  average  by  60 
uircruft,  which  execute  the  attack  in  a  series  of  waves 
of  12  uircruft  per  wave.  On  the  average  there  are  5 
waves  per  raid.  The  raid  breaks  down  into  waves  to 
provide  control  and  coordination  of  the  attacking 
aircraft  during  the  attack.  Euch  wave  is  further  subdi¬ 
vided  into  attuck  elements  (section,  flights)  of  3  air¬ 
craft  each;  each  attack  element  of  3  aircraft  makes  a 
firing  puss  us  a  unit.  The  attack  elements  attack  se¬ 
quentially  with  close  spucing. 

For  a  general  comparison  with  Vietnam,  a  newspa¬ 
per  report  stated,  ‘American  aircraft  flew  426  strikes  in 
Quang  Tri  Province  in  the  24  hours  ended  at  noon 
today,  it  was  the  heaviest  in  a  single  province  in  four 
years.'10  Of  course  these  strikes  were  distributed  over 
many  targets. 

Depending  on  the  distribution  of  defended  vital 
areas  and  the  distribution  of  the  low  ultitude  defense 
lire  units,  each  defensive  fire  unit  may  not  be  able  to 
fire  at  each  attack  element  before  bomb  release,  be¬ 
cause  nf  limitations  in  the  range  at  which  the  fire  units 
can  deliver  effective  fire. 

For  a  standard  defense  of  a  smull  vital  area  by  four 
fire  units,  for  example,  the  fire  unit  on  the  target  side 
away  from  the  attack  may  be  able  to  open  fire  only 
after  the  attacker  has  dropped  his  bombs.  In  a  'clover- 
leaf'  attack  pattern  by  successive  attack  elements,  the 
defense  uni.*  will  on  the  average,  all  he  able  to  engage 
targets. 


For  simplicity  in  the  present  analysis,  and  without 
detailing  the  geometry,  we  assume  that  against  each 
attack  element  of  three  aircraft,  three  fire  units  will  be 
in  a  position  to  engage,  and  each  will  fire  at  one 
aircraft.  Repeated  attacks  are  assumed  to  be  from  the 
same  direction,  so  that  the  reload  rates  of  the  three 
active  fire  units  are  more  highly  stressed  than  if  attacks 
came  from  different  quandrants  in  successive  strikes. 

For  the  present  section,  we  do  not  consider  the  effect 
of  immediately  observable  kills  by  the  defense  on 
ammunition  expenditure. 

The  state  transitions  are  developed  in  Figure  1 1- 1, 
where  the  tactical  states  are  related  to  the  flre/reload 
states  of  a  single  fire  unit.  The  definition  of  each 
symbol  is  apparent  from  the  Figure. 

To  conserve  space  here  we  work  the  solution  omit¬ 
ting  the  X)  state  (which  has  a  minimal  effect  on  the 
results)  but  give  the  results  for  the  complete  set  or 
states  us  well.  The  methods  in  both  cases  are  identical, 

Initially,  the  time  to  acquire  targets  is  not  made 
explicit,  The  model  is  then  expanded  to  include  detec¬ 
tion  and  acquisition. 

It  will  be  observed  that  for  simplicity  the  model 
assumes  that  reloading  does  not  take  place  until  the 
full  loud  on  the  mount  has  been  exhausted,  and  that 
reloud  then  continues  until  u  full  load  is  on  board.  A 
real  system  might  obtain  better  performance  than 
indicated  by  the  model  ir  the  operators  take  advantage 
of  topping  off  partly  depleted  ammunition  loads  when 
possible,  or  engaging  with  partly  reloaded  mounts 
when  enough  ammunition  is  on  board  to  muke  this 
effective.  To  include  these  options  would  require  estab¬ 
lishment  of  a  doctrine,  and  more  detail  in  the  model. 

Following  the  transitions  of  Figure  1 1  - 1 ,  write  the 
stutc  transition  matrix  in  aggregated  form  as 


(tl.H) 

Set  the  derivatives  equal  to  zero,  Then  the  steady 
state  solution  (fixed  point  probability  vector)  can  be 
determined, M  However,  the  process  of  determining  the 
solution  can  be  simplified  us  follows: 

First  determine  the  fraction  of  timt  that  the  system 
spends  in  each  of  the  aggregated  states  by  setting  O  - 
R  *  0.  These  matrices  are  the  gun  ummunllion  con¬ 
sumption  and  reload  matrices 


[I •  a'  R]"  «  I  +  (a  +  p)*1R 


(11.14) 


G 


■[::] 


(U.9) 

So  that 


[G  +  iRJYji  -  0 


Writing  F  for  the  fraction  of  time  spent  in  each  of 
the  three  states  we  easily  determine  that 


X  f  b 
M  +  p  a  +  p 


(1U3) 


F|(  ■  1/D  where D  ■  1  +  (b/w)  +  (X/*i) 

F 1 2  ■  (  \/m)/D  Expanding  Y ,  ^  and  solving  for  Y  n  a 

F->  -  (b/u)/D  (1 1  *10)  p 

Yn.-^s; 

Then  normalize  the  matrix  equation  hy  sett.ng  Y  ■ 

X/F,  The  expressions  simplify  to 


(11,16) 


’.(b  +  X)  1  +  G 

XI 

b! 

■  m 

YI1 

M 

■X  +  (X/P)R 

0 

Y12 

bl 

0 

■bl  +  (b/u)R 

.Y2J 

where 

P0  -  P(l+«)  -  '»[,+iJTp  +  JTp]  (ll,l7) 


(11.11) 

We  are  only  interested  in  Yu,  Its  components  sum  to 
1 ,0  us  a  result  of  the  normalization, 

Solving  for  Yu  we  eusily  obtain 


Identical  procedures,  with  u  bit  more  ulgebru,  yield 
the  result  for  the  complete  eight  state  system  of  Figure 
ll»l  us 


Pe 

Yllu  “  v  +  pe 


(11.18) 


+  X)  I  +  0)  +  X[1  •/u",R]’1  +  b(I  •tt‘lR)'1 


-  0 


(1 1.12) 


The  Inverse  matrices  are  easily  determined  to  be 

(i.^rj*1  -  i  +  os+py'R  (n.i.1) 


(11.19) 

Yi  i,  is  the  ‘availability'  of  the  gun  in  the  firing  mode 
during  an  attack  pass,  and  the  effective  or  average  rate 
of  lire 

"  voYllu  (11.20) 


The  meun  durution  of  an  attack  puss,  from  the  flow 
diugrum  is 


'I 


(11.21) 


And  so  the  average  number  of  rounds  fired  per 
firing  pass  is 


Nup  "  UCTp 


(11.22) 


Note  that  if  X  ■  b  ■  0,  the  model  degenerates  to  a 
single  firing  pass  of  unbounded  duration  and  v ,  re¬ 
duces  to 


^e  "  Mo  ttt 

a  o 


(11,23) 


We  note  for  reference  that  the  f ruction  of  time  that 
the  system  spends  in  the  four  tactical  states  In  the 
average,  is 


during  each  pass.  This  will  vary  to  some  degree  with 
the  weapon  capability  as  well  as  with  the  attacker's 
tactics. 

We  also  assume  that  on  the  average  there  are  3  raids 
per  day,  5  waves  per  raid,  or  13  waves  per  day,  and  4 
attack  passes  (of  3»element  units)  per  wave,  or  60 
attack  passes  per  day,  Then 

F^a  ■  3  ;  a  ■  24/7  per  duy 

F3/F2  •  03/a);  0  *  4Hporduy 
Fj(at0)  ■  15 

ii  ■  192  per  day 

F,  |  (b  +  X)  ■  60  (11,26) 

The  mean  duration  of  an  attack  pass  is  (b+X)‘;  if 
we  wish  to  make  a  parametric  study  of  the  effect  of 
duration  of  the  attack  pass,  on  system  performance,  we 
compute  for  a  range  or  (b+X)‘,  For  the  present  exam¬ 
ple,  we  choose  the  duration  or  an  attack  pass  as  24 
seconds,  so  that 


F ,  j  ■  I/D 

(b  +  X)  »  3600  per  duy. 

F 1 1  .  (Vfrt/D 

Then 

Fi  ■  (b/u)/0 

F,  |  -  1/60 

F,  -  (b/uXp/a  )/D 

But 

where 

F 1 1  +  F 1 1  ■  1/16 

D  ■  (  +  (X/u)  +  (b/u) [  1  +  (0/a)|  (11.24) 

so 

F|i  -  H/240 

11.3  DBTERMINATION  OF  COSFFICI1NTS 

Now 

To  determine  the  necessary  coefficients  of  the  tactical 
state  transitions  from  the  description  of  the  situation, 
we  recall  the  following  characteristics  of  a  system  with 
Markov  type  transitions  between  states:81 

a.  The  mean  duration  of  a  specified  state  is  1/S  a,, 
where  the  a,  are  the  departure  rates  from  that 
state  to  other  states,  b,  The  meun  recurrence  rate 
of  a  state  is  F  S  a„  where  F  is  the  fixed  point 
probability  (steudy  state,  average  fraction  of  time 
spent  in  the  state)  of  that  state 

From  the  description  of  the  Maha  attacks  we  specify 


F3  «*  7/8 


Finally, 


whence 


b/a  ■  F2/Fn  -  13/4 
b  ■  720/duy 

X  »  2880/duy 

F[  j  +  Fj2  ■  Fji  [1  +(X/M)]  ■  1/16 

M  ■  (4/1 1 IX  . 


(11.271 


1  1 1  +  F 1 2 


(11.25) 


We  specify  only  (he  sum  of  the  F|,  states  at  this  time 
to  allow  parametric  variation  of  the  fraction  of  time 
that  an  attack  clement  is  within  the  defensive  fire  zone 


The  coefficients  are  summarized  in  Table  XI- 1 , 

11,4  EXAMPLE  FOR  SPECIFIC  WEAPONS 

To  see  what  the  above  relations  mean,  in  terms  of 
the  effect  of  maximum  rate  of  fire,  reload  rate,  number 
or  rounds  on  mount  and  the  tactical  descriptors  on  the 
uverage  number  of  rounds  that  a  fire  unit  gets  off 
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Figure  11-1,  Engagement  and  Raload  Substates 


Tabla  XI  - 1 .  Taotloal  Stata  Traniltlon  Ratta 


Coefficient 

Value  (per  hour) 

a 

1/7 

0 

J 

II 

8 

b 

30 

130 

*  _ 

480/11 

JOSH -6 1 3 


against  each  attack  pass  over  a  long  series  of  raids, 
some  computations  have  been  made  eased  on  limited 
dutu  on  hand  on  specific  weapons,  The  data  and  associ¬ 
ated  descriptive  material  extracted  from  Field  Manuals 
and  various  issues  of  the  international  Defense  Review 
und  lanes  Weapons  Systems,  are  given  below, 

In  this  example,  the  time  to  acauire  and  generute 
tiring  dutu  is  not  subtracted  from  the  duration  of  the 
uttack  pass.  The  computation  therefore  stresses  the 
weapon  reload  capability  excessively,  but  not  as  heavily 
as  the  simple  Equation  (  1 1.3). 


11,4.1  Fire  Unit  Chereoterletloa 

Vulcan 

Vulcan  can  be  fired  at  3000  or  1000  rpm.  In  the 
high  rate  of  fire  mode  rounds  are  fired  in  bursts  with 
options  of  10,30,60  and  100  rounds  per  burst.  Burst 
duration  in  the  slow  mode  is  gunner's  choice, 

The  towed  version  uses  linked  ammunition  with  a 
capacity  of  300  rounds  per  load.  The  basic  load  is 
4,000  rounds;  300  are  carried  on  the  mount,  3,700  on 
the  towing  vehicle  and  battery  ammunition  carriers. 

Reload  time  is  about  I  minute  per  100  rounds  of 
ammunition. 

The  SP  version  uses  linkless  feed  with  a  capacity  of 
1 200  rounds  per  load,  The  basic  load  of  ammunition  is 
6000  rounds  per  weapon  of  which  1800  rounds  are 
carried  on  the  weapon  carrier,  the  remainder  on  bat¬ 
tery  ammunition  vehicles,  Each  weapon  also  carries 
200  rounds  which  remain  in  the  feed  system  to  prevent 
malfunctioning, 

The  linkless  feed  system  consists  of  a  drum  und 
conveyor,  There  are  1000  rounds  In  the  drum,  800 
rounds  are  stored  in  the  carrier. 

800  rounds  can  be  loaded  in  the  drum  in  ubout  7 
minutes,  The  estimated  lime  to  reload  the  drum  is  3 
minutes  plus  one  half  minute  for  each  100  rounds 
loaded, 
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The  PF2  (SP)  mounts  twin  35mm  guns  with  rate  of 
tilt  of  550  rpm  each.  Either  anti-aircraft  or  anti-tank 
ammunition,  belted,  can  be  fired  with  changeover  by 
remote  control  from  within  the  turret.  Ammunition 
carried  on  the  vehicle  totals  660  rounds  of  AA  and  40 
rounds  of  AP.  AA  ammunition  is  stored  in  the  turret 
cage.  ‘Replenishment  of  the  ammunition  containers 
cun  be  carried  out  by  the  crew  in  about  20  minutes,  the 
linked  ammunition  belts  being  fed  in  from  the  exterior 
via  the  feeder  channel  and  into  the  ammunition  con¬ 
tainer'.  Twenty  minutes  to  reload,  if  true,  would  penal¬ 
ize  this  weapon  system  rather  heavily  in  an  evaluation 
based  on  un  extended  series  of  attacks  with  short 
intervals  between  attack  passes. 

Vigilant P 

The  Vigilante  was  designed  for  two  rates  of  Are, 
3000  rpm  and  120  rpm.  In  the  high  rate  of  fire,  firing 
was  in  bursts  of  48  rounds  each.  There  was  a  2  second 
delay  between  bursts  to  recharge  the  drum.  Normal 
muguzine  load  was  144  rounds  (3  bursts)  with  optional 
192  rounds  (4  bursts)  by  hund  loading.  The  magazine 
reload  time  was  2.5  minutes. 

Falcon 

Fulcon  (SP)  mounts  two  HSS  83 1 L  30mm  guns  with 
650  rpm  each.  Ammunition  is  fed  to  the  guns  from 
two  310  round  ammunition  boxes  in  the  buse  of  the 
turret.  Reloading  is  achieved  by  replacing  the  ammuni¬ 
tion  boxes  viu  a  rear  louding  door  with  the  turret 
reversed.  The  lust  few  rounds  from  the  empty  boxes 
ure  automatically  held  in  the  ammunition  chutes  and 
the  linked  belts  of  fresh  ammunition  ure  clipped  di¬ 
rectly  onto  there.  Time  to  reload  is  unuvuilublc,  (but 
may  be  us  short  us  30  seconds). 

An  illustration  of  the  operation  is  provided  us  Fig¬ 
ure  1 1-2, 

Duxler 

Duster  (M42  SP)  mounts  two  WW  II  vintage  40mm 
guns.  Rule  of  lire  is  only  120  rpm  for  each  gun,  but 
the  guns  ure  manually  clip-loaded  in  4  round  clips 


which  are  easily  manhandled  and  inserted  sequentially, 
without  interrupting  the  firing,  Hence  reloud  time  muy 
be  assumed  to  be  zero,  Barrel  heating  under  continuous 
fire  can  interrupt  the  firing.  After  60  rounds  of  contin¬ 
uous  fire  the  Darrels  must  be  changed,  requiring  3 
minutes  each.  240  rounds  are  carried  on  the  mount. 
Additional  stowage  for  another  240  rounds  is  provided 
in  compartments  on  the  vehicle  fenders. 

11.4.2  Rtaulti  of  Computation! 

A  general  observation  is  that  for  light,  towed 
mounts,  reloading  is  simple  and  should  take  very  little 
time.  For  the  self-propelled  installations,  considerable 
design  ingenuity  is  required  to  keep  reloading  time 
short. 

Table  Xl-2  compares  the  weapons  described  in  the 
context  of  the  assumed  tactical  situation.  Since  (he 
source  data  may  be  erroneous  or  erroneously  inter¬ 
preted,  the  comparisons  should  be  considered  illustra¬ 
tive  only. 

It  has  been  assumed  that  ammunition  at  the  battery 
level  is  unlimited,  hence  the  only  parameters  affecting 
the  comparison  are  rate  of  fire,  reload  time,  rounds  per 
reloud,  and  the  tactical  parameters.  Since  Vigilante  is 
indicated  to  be  able  to  fire  only  one  second  out  of 
three,  its  base  rate  of  fire  in  the  high  mode  is  taken  as 
1000  rpm,  It  is  not  known  whether  Vulcan  has  a 
similar  delay  between  bursts,  hence  none  is  assumed. 

It  must  be  remembered  that  the  tactical  situation 
assumed  represents  an  intense  attack,  and  that  it  was 
assumed  that  each  gun  must  attempt  to  fire  at  each 
section  of  three  aircraft  as  it  carries  out  its  attuck  pass. 

However,  the  inhibiting  effect  of  reloud  time  is 
clearly  indicated,  and  under  the  assumptions  used,  the 
elderly  Duster  makes  u  fine  showing  In  average  num¬ 
ber  of  rounds  fired  per  pass,  However  this  simple 
model  does  not  account  for  gun  heating  limits,  and 
according  to  the  Field  Manual  Duster  could  not  be 
fired  continuously  for  more  thun  60  rounds  per  barrel 
without  changing  tubes. 


Raloadlng  of  tha  gum  n  achitvnci  liy 
raolaeina  tht  ammunition  boxat  in 
tho  ban  ol  tha  turrat  via  tha  raar 
loading  door  with  tha  turrat  ravariad 
Tha  latt  taw  round!  trom  tha  amply 
boxai  ara  automatically  hald  in  tha 
ammunition  chutai  and  tha  llnliad 
bam  ol  train  ammunition  ara  ciibuad 
diractly  onto  thaia. 


Figure  11-2.  Falcon  System  Reload  Method 
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Table  XI -2.  Companion  of  Avaraga  Firing  Ritas  and  Rounds  par  Pass 


Per  Gun 

Complete  Fire  Unit 

Weapon 

Rate 

of 

lire 

(rpm) 

Rounds 

per 

load 

Assumed 

Reload 

Rate 

(rpm) 

Rale 

of 

Fire 

Availability 

Effective 

(Average) 

Rate  of  1  lie 
(rpm) 

Average  No. 
of  rounds 
fired  per 
pen 

Vulcan  (towed) 
20-mm 

3000 

300 

too 

0.11 

330 

132 

Vulcan  (SP) 

20-mm 

3000 

800 

1 16 

0.17 

510 

203 

f  alcon  (SP) 

Twin  30-mm 

650 

310 

310 

0,55 

720 

290 

Oerllkon  ISP) 

Twin  3S-mm 

550 

330 

33 

0.26 

285 

114 

Vigilante  (High) 
37-mm 

1000 

144 

58 

0.18 

I  BO 

72 

(Low) 

Duitvr 

120 

144 

58 

0.65 

78 

32 

Twin  40-mm 

120 

(Continuous  manual 
loading  anumed) 

1 .00 

240 

96 
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11.8  PARAMITRIC  STUDY 

A  brief  set  of  computations  was  performed  for  the 
assumed  tactical  auction,  but  with  the  duration  of 
each  firing  pass  a  variable  parameter,  all  other  tactical 
parameters  neld  constant  except  those  derived  from  the 
duration  of  the  bring  pass,  the  results  are  shown  in 
Figures  1 1-3  through  1 1-6.  They  are  not  exactly  com¬ 
parable  to  the  weapons  table  since  the  tactical  parame¬ 
ters  differed  slightly, 

For  short  durations  of  attack  pusses,  with  attack  rate 
held  constunt,  the  uverage  rate  of  fire  achieved  ap¬ 
proaches  the  maximum  rate  of  bre.  For  medium  dura¬ 
tion  of  attack  passes,  the  average  rate  of  bre  and  the 
average  number  of  rounds  bred  per  puss  arc  more 
sensitive  to  reload  rate  than  to  number  of  rounds  per 
loud,  over  the  parametric  ranges  considered,  All  other 
factors  held  constant,  increasing  the  rate  of  bre  is 
advantageous  but  the  gain  is  less  than  proportional  to 
the  increase  in  rate  of  fire, 

It  may  be  noted  that  the  results  shown  are  only 
slightly  affected  by  the  presence  of  state  X*  and  for  all 
practical  purposes  in  additional  computations  the  sim¬ 
pler  solution  resulting  by  setting  a  ■  /3  -  0  cun  be 
used. 

As  developed  In  later  sections,  the  potential  brine 
lime  per  pass  depends  on  the  target  exposure  time,  ana 


the  time  to  detect,  identify,  acquire,  and  generate  bring 
data.  As  their  ‘reaction  times*  encroach  on  available 
bring  time,  the  value  of  high  maximum  rate  of  bre 
increases. 

in  considering  the  implication^  of  Figures  1 1-3 
through  1 1-6,  the  term  'attack  pass'  cun  be  eaualiy  well 
interpreted  us  ‘potential  bring  time  per  pass'  in  which 
case  it  would  represent  exposure  time  less  the  time  to 
detect,  acquire,  identify,  generate  bring  data  and  open 
bre. 

11.0  SIMPLE  APPROXIMATE  CASE 

A  simple  solution,  intermediate  between  the  forms 
developed  in  preceding  paragraphs  and  Equation 
(11,3)  can  be  obtained  by  making  the  following  as¬ 
sumptions: 

a.  Attack  passes  continue  indefinitely  at  u  regular 
rate. 

b.  Each  pass  is  of  duration  T„  and  the  interval 
between  passes  is  Td. 

c.  T,  is  small  compared  with  the  reload  time  of  the 
bre  unit,  and  ills  small  compared  with  T„. 

Then  on  the  uverage,  the  gun  will  he  able  to  lire  for 

a  time 


The  last  round  is  fired  at 


T*  “  1  +  (Wp)(TB/Td) 


(11,28) 


tn  ■  (n-1),  and  measuring  time  from  tn 
‘1  "  l“ln 


against  each  attack  pass,  and  the  average  number  of 
rounds  fired  per  pass  will  be 


6ft,)  -  e0  e*VT 


■ 


l.e-nA/T-j 


(11,33) 


"  *  I  +(M/p)(TB/Td) 


(11.29) 


Modal  for  Gun  Barrel  Healing 

There  has  been  insufficient  time  in  the  present  con¬ 
tractual  effort  to  complete  u  model  of  gun  barrel 
heating,  However  an  approach  to  such  u  model  is 
sketched  below. 

Define 

8(t)  *■  temperature  of  the  gun  tube  at  a  time  t 
after  u  single  round  is  fired 

0  is  measured  above  umbient  temperature. 

Cooling  is  ussumed  to  occur  us  a  simple  exponential 
decay,  with  u  time  constant  T  which  is  long  compared 
with  the  time  or  heat  input  of  a  single  round. 

Then  the  temperuture  ut  time  t  caused  by  single 
round  fired  ut  time  zero  is  approximately 

0(t)  =  floe'l/T  (11,30) 

If  rounds  ure  fired  ut  time  t|,..,t«,  the  temperuture  at 
time  t  >  u,  is 


. >iui> 

j»i 

Let  n  rounds  be  fired  in  a  burst,  with  uniform 
spacing  in  time  A,  und  A  <<  T,  The  first  round  is 
fired  ut  t  »  0.  Then  the  temperature  at  time  t  is 


<v,n 


„n  A/Tj 


37T 


(11,32) 


a  nS0  eVT  jWn^T)/(nA/T)  (11,34) 


*„»0e-‘l  /To-nA/2T  (11.35) 

In  terms  of  the  above  parameters,  we  can  also  write 
a  state  space  expression  for  the  temperature 

T  dO/dt  +  6  ■  0O  i/S  (11,3b) 

where 

v  ■  rule  of  fire  when  the  gun  Is  firing 
S  -  I  t)  when  the  gun  Is  In  a  firing  "state"  (11.37) 
■  U  when  the  'tun  Is  not  firing 

If  9  reaches  a  value  there  is  an  additional 
constraint:  the  state  S  ■  0  Is  entered  and  maintained 
at  leust  until  temperature  has  dropped  to  some  value  0„ 
or  the  gun  barrel  has  been  changed.  Both  these  condi¬ 
tions  can  be  included  as  a  constant  delay  time  of 
availability  to  fire  imposed  subsequent  to  attainment  of 

9m%n> 

The  remaining  problem  is  to  combine  these  consid¬ 
erations  with  the  state  transitions  between  firing  und 
nonfiring  states  obtained  from  the  tactical  engagement 
models. 

We  note  for  further  analysis  that  Equation  (11,36) 
can  be  solved  to  obtain  the  probability  density  function 
for  e,  by  the  Fetler-Kolmogorov  partiul  differential 
equations,  but  that  the  introduction  of  the  0ml„  bound¬ 
ary  complicates  the  analysis. 

An  empirical/heuristic  approach  is  to  compute  the 
temperature  rise  during  the  firing  interval  determined 
from  the  tactical  model  without  consideration  of  tern- 

Seruiure.  If  the  temperature  exceeds  6m,„  the  average 
ring  time  is  reduced,  arbitrarily,  so  that  the  probabil¬ 
ity  of  attaining  9m„  is  substantially  less  than  unity.  The 
average  firing  und  nonflring  times  are  then  analysed  to 
determine  whether  additional  reduction  in  firing  time 
is  necessary,  so  thut  the  heat/cool  cycle  does  not  lead  to 
progressively  increasing  maximum  temperatures. 


Il-H 
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Figure  11-3.  Effect  of  Numbtr  of  Round*  per  Load  *nd  Reload  Rata  on  Average  Rate  of  Fire 


Note  that  the  same  kind  of  analysis  is  required  to 
evaluate  the  probability  that  the  battery-operated  mode 
of  Vulcan  will  not  fail  during  periods  of  generator 
inoperability. 

11.7  FURTHER  DEFINITION  OF  ENGAGEMENT 
DETAILS 

The  simple  model  described  in  Section  1 1 .2  for  a 
preliminary  examination  of  the  interactions  of  rate  of 
fire  and  loading  time  with  the  attack  characteristics  can 
be  extended  us  far  as  one  wishes  to  include  a  more 
detailed  description  of  the  details  of  the  engagement. 
A  moderate  expansion  is  described  below,  which  now 


separates  the  combat  (engagement)  state  into  three 
sequential  activities  consisting  of 

a.  Target  detection  and  identification. 

b.  Acquisition  and  computation  of  firing  data. 

c.  Firing. 

The  load/reload  elements  are  retained.  Since  we  had 
previously  concluded  that  the  interval  between  raids 
had  only  a  minor  effect  on  the  load/reload  results,  the 
interval  between  raids  is  omitted  from  the  subset  of 
attack  states,  in  the  following  model  but  the  descrip¬ 
tion  of  the  attack  as  a  series  of  waves,  each  wave 
subdivided  into  firing  passes,  is  retained. 
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Figure  11-6.  Effect  of  Maximum  Rate  of  Fire  on  Average  Number  of  Rounda  Fired  per  Peaa 
11.7.1  Model  Development 


The  flow  diagram  it  ahown  in  Figure  11-7.  At  this 
joint  we  stilt  consider  only  one  fire  unit  per  target. 
Jote  that  the  fire  unit  can  run  out  of  ammunition  only 
as  a  transition  from  the  firing  substate,  and  if  reload* 
ing  is  completed  during  an  attack  pass,  the  fire  unit 
must  go  back  through  the  detection  and  acquisition 
substates  before  it  can  open  fire  again. 


Targets  enter  the  fire  unit  set  of  substates  only  via 
the  detection  substate,  but  they  can  leave  the  defense 
zone  from  any  of  the  fire  unit  states.  The  departure 
rate  could  be  chosen  to  have  a  different  value  at  each 
fire  unit  substate  level  but  for  this  example  we  use  the 
same  coefficients. 


(b  +  \)  I  +  C 


1  M ' 

V 

m  <m 

J  L. 

X2 

|-/ui  +  R 

*1 

Proceeding  as  before,  we  write  the  matrix  expression 
of  state  transitions  in  aggregated  form  as 
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M1 


: 

£ 

l 

[: 

[: 


x  x 

0  0 

b  b 
0  0 

0  0 
0  0 

0  0 
0  0 


:] 

:] 

:] 

:] 


F4  -  (X/*t)F, 

F2  •  (b/a)  Fj  (11.44) 

since 

F,+F2+F4  -  1,0 

Fj  •  I/D  where  D  *  I  +  (a/b)  +  (X/ju) 

F2  -  (b/a)/D 

(11.40)  F4  ■  (X/ai)/D  (1 1,45) 


As  before,  we  normalize  the  matrix  equation  by 
setting  Y  -  X/F. 

We  then  have 


We  solve  for  the  steady  state  (fixed  point  probability 
vector)  by  setting  the  derivatives  equal  to  zero.  As 
before  we  normalize  to  expressions  in  ter-^s  of  the 
fraction  of  total  time  that  the  target  spends  in  the  three 
sets  of  states.  Ft,F».F(,  To  find  these  values  set  G,R  * 
0  (this  is  not  really  necessary,  since  the  method  causes 
them  to  drop  out),  and  solve  for  X|.».„ 

Typically 


|X4)  ■  (I/m)  MX,1  (11,41) 

Since 

F4  Is  the  sum  of  the  suhstate  probabilities  in  X4, 

F4  -  |l  l)  [X41  (11,42) 

and  currying  through  the  operation 

F4  “  ( \lu)  1 1  1 J  L  | X ,  ]  (11.4.1) 

wc  obtain 


(b+X)  I  +  C 

(b/u)A 

am 

fm  ^ 

Yl 

B 

•  hi  +(b/u)R 

0 

Y2 

L 

0 

•  XI  +  (X/jr)R 

m 

v4 

at  «■* 

( 1 1 .46) 


and  us  a  result  of  the  normalization,  all  of  the  subset 
probabilities  within  each  Y  sums  to  unity.  Since  we  are 
only  interested  in  Yi,  we  solve  the  above  set  of  mutrix 
equations  by  expanding  and  eliminating  all  Y  except 
Vi ,  As  in  the  load/reload  model,  all  matrix  inversions 
involved  are  simple. 


The  result  is  the  following  matrix  equation  for  Yi 
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{•  {b  +  X)  1  +  G  +  l(b/a)A  +  (X/*i)M  +  (b/a)  (a  +  p)'1 
AR  +  WuHp  +  pJ^MR]  U2  }Yj  -0 

(11.47) 

where 


No  doubt  one  could  postpone  the  Anal  extraction  of 
the  four  subsets  of  probabilities  within  Y|  by  addi¬ 
tional  matrix  manipulation,  but  the  solution  is  simple, 
when  Equation  (1 1.47)  is  expanded  directly.  It  is 

Y, ,  -  I/D 

Y12  -  kj/D 

Y|c  "  k,k2/D 

Y  i  r  "  k^kj/D 

where 

k,  ■  a12/(b  +  X  +  a2c) 
k2  -  a2c/(b  +  X  +  v) 

k3  ■ 

D  -  1  +  k,  +  kjk2  +  k,k2k3  (11  48j 

In  the  above  expressions,  if  «12,  a!c  are  very  large, 
corresponding  to  no  delay  in  detection,  identification 
and  acquisition,  the  expression  for  Yle.  the  fraction  of 
the  attack  pass  over  which  firing  is  conducted  on  the 
average,  reduces  to 

Ylt.  “  1/(1  +k,)  (1149) 


and  this  is  the  expression  obtained  earlier, 

Since  v  is  defined  by  v  »  v„/N,  where  v,  is  the 
maximum  rate  of  fire  on  the  gun,  and  N  is  the  number 
of  rounds  per  load,  if  we  set  v  -  0  in  the  above 
expressions,  we  obtain  the  mean  firing  time  per  attack 
pass,  without  the  load /reload  limitation,  as  it  depends 
on  the  tactical  parameters,  and  the  mean  time  to 
detect,  identify,  acquire,  etc, 


11.7.2  Example  of  Weapon  Evaluation 

To  observe  the  implications  of  the  relations  devel¬ 
oped  in  the  previous  section,  we  consider  a  sustained 
attack  consisting  of  a  series  of  waves,  each  wave 
consisting  of  a  number  of  attack  passes,  Attacks  are 
assumed  to  be  at  low  level,  with  the  targets  exposed  at 
about  7S00  meters,  with  target  speed  about  300  m/s, 
so  that  the  average  time  to  weapon  release  is  24 
seconds. 

The  evaluation  is  conducted  from  the  point  of  view 
of  the  loading  experienced  by  a  single  fire  unit,  on  the 
assumption  that  all  available  fire  units  fire  at  the 
3-plane  element  of  each  attack  pass. 

We  assume 

Ft  ™  1/2 
(F,  +  F«)  -  1/2 

Each  wave  has  an  average  duration  of  6  minutes,  the 
average  interval  between  waves  Is  6  minutes,  and  there  are 
4  attack  passes  per  wav*,  each  duration  0.40  minutes. 
Then 

F}a  -  1/12  per  minute 
a  ■  1/6  per  minute 

On  the  average  there  are  4  attack  passes  per  cycle,  or 
4/12  per  minute 

F|(b  +  X)  -  1/3  per  minute 

Fi(b  ■  X)  *  2.5  per  minute 

F,  -  2/15 

b/a  -  Fj/F,  -  15/4 

b  »  5/8  per  minute 

•  15/8 

b/a  ■  I  +  (X//i) 

■  15/22  per  minute 

The  tactical  coefficient  set  is  shown  in  Table  XI-3. 

For  a  hypothetical  weapon  comparison,  we  use  three 

Generic  weapons  roughly  similar  to  existing  weapons, 
'hese  are 

a.  'Duster-type':  visual  detection,  identification  and 
acquisition. 

b.  'Vulcan  type':  visual  detection  and  acquisition, 
electronic  IFF. 

c.  'Oerlikon-type':  radar  detection  and  tracking, 
electronic  IFF,  automatic  track  radar  put  on. 

The  coefficients  describing  these  characteristics  are 

(a  n)1  -  mean  time  for  detection  and  identi¬ 
fication 

(a*)'  »  mean  time  for  acquisition  and  fir¬ 
ing  data  computation 
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In  u  real  weunon  evaluation  these  coefficients  would 
be  determined  by  separate  unalyses.  Here  we  assume 
values  for  illustration.  The  maximum  rate  of  fire, 
rounds  on  mount  and  reload  rate  are  those  listed  in 
Table  XI-2.  The  set  of  weapon  parameters  is  then  us 
shown  in  Tublc  Xl-4, 

On  working  through  Equation  (11.48),  we  obtain  the 
following  results,  shown  in  Table  XI-5 . 

The  assumed  uttuck  pattern  with  its  frequent  waves 
and  passes  within  waves  stresses  the  reload  capability 
of  the  weapons, 

Rather  than  drop  the  example  at  this  point,  we 
anticipate  later  considerations  and  introduce  a  rough 


co  1. 1  pur  iso  n  of  effectiveness  including  terminal  effect 
and  probability  of  hitting. 

Duster  has  a  simple  course  and  speed  sight,  require 
ing  human  estimates  of  target  course  and  speed.  Vul¬ 
can  has  u  computing  sight,  manual  tracking,  radar 
runge,  (and  6  x  12  mils  artificial  dispersion).  The 
Oerlikon  system  has  radar  tracking  and  a  'complete1 
fire  control  solution.  We  estimate  for  the  example 
(again,  simulation  and/or  separate  analysis  are  re¬ 
quired  to  properly  evaluate  real  systems)  that  the 
equivalent  standard  deviation  of  projectile  miss  dis¬ 
tance  for  the  three  systems  is  in  the  ratio  15  mils,  10 
mils,  5  mils.  Then  the  expected  number  of  lethal  hits 
per  firing  pass  is  as  given  in  Table  XI-6. 


1 1-14 


I 

I 

I 

i 

I 


Table  XI -3,  Tactical  State  Transition  Rates  for 
Engagement  Analysis 


Coefficient 

V»lue  (pet  minute) 

a 

1/6 

b 

i/8 

X 

li/8 

M 

li/22 

20871-613 


The  last  column  has  been  normalized  to  unity  for 
the  Duster-type  weapon, 

Fire  control  performance  dominates  this  hypotheti¬ 
cal  comparison,  and  it  is  clear  that  evaluation  of  Are 
control  system  performance  will  be  the  critical  (as  well 
as  the  most  difficult)  element  of  an  evaluation. 

11.8  MODEL  EXTENSIONS 

The  model  developed  in  Section  1 1 ,8  may  he  ex¬ 
tended  and  further  detailed  along  the  following  lines. 

11.B.1  Simultaneous  Prassnet  of  Several  Attaok 
Elements  In  Defense  Envelope 

As  developed  thus  lur.  the  model  does  not  recognize 
the  number  of  attack  elements  which  muy  be  simulta¬ 
neously  present  within  the  defense  envelope,  In  effect, 
it  bases  the  engagement  computation  on  the  assump¬ 
tion  thut  only  one  clement  (of  n  closely  spaced  air¬ 
craft)  is  present  on  euch  activation  of  a  ‘combat  state'. 
Since  successive  uttuck  elements  may  be  spaced  by 
about  2  kilometers  in  reality,  so  that  each  element  is 
not  exposed  to  bomb  fragments  from  the  preceding 
element,  this  is  probably  an  acceptable  assumption, 
and  in  fact,  the  probability  that  two  elements  are 
simultaneously  present  is  negligibly  small  for  the  tacti¬ 
cal  arrival  and  departure  rates  assumed  in  the 
examples. 

There  is  no  difficulty  in  extending  the  flow  diagram 
by  adding  states  and  substates  in  which  two  attack 
elements  are  within  the  defense  envelope.  It  is  doubtful 
that  more  than  two  elements  need  ever  be  considered 
Tor  short  range  weapons,  However  the  total  number  of 
substates  to  be  considered  is  more  than  doubled,  and 
the  increased  complication  is  not  considered  advanta¬ 
geous  in  view  of  tne  other  approximations  in  describ¬ 
ing  the  situation. 


11.8.2  Advantage  of  Early  Kill  Recognition 

The  model  does  not  explicitly  recognize  the  ammuni¬ 
tion  savings  possible  if  a  Are  unit  can  stop  firing  when 
it  obtains  a  recognizable  kill.  This  effect  can  be  easily 
included  by  augmenting  the  target  departure  rate  from 
the  defense  envelope  by  an  average  kill  rate. 

11.8.3  Variation  of  Coaffloianta  During  an 
Attaok  Pate 

The  detection  rate,  identification  rate,  kilt  rate  and 
other  parameters  change  as  the  target  range  decreases, 
passes  through  a  minimum,  and  again  increases.  The 
probability  that  the  target  will  drop  its  munitions  and 
begin  evasive  breakaway  varies  with  range.  There  are 
several  approaches  to  Including  these  variations,  as 
follows 

a.  Computer  Simulation,  If  the  Army  maintains  an 
evaluation  effort  devoted  to  short  range  air  de¬ 
fense  systems,  a  computer  simulation  containing 
ail  of  the  sub-models  of  this  report  and  others  as 
well  will  no  doubt  come  into  being. 

b.  Division  of  Attack  Pass  Into  Subslates,  The  attact 
state  can  be  subdivided  into  several  sequential 
sub-states,  during  each  of  which  each  of  the  state 
transition  coefficients  is  assumed  constant,  al¬ 
though  they  may  differ  across  states.  This  ap¬ 
proach  is  feasible,  does  not  require  a  computer, 
und  the  matrix  algebra  is  feasible,  but  tedious. 
However  it  needs  to  be  done  only  once,  after 
which  the  resulting  expressions  can  he  worked  on 
u  slide  rule  for  system  evaluation,  or  program¬ 
med  on  a  desk  size  minicomputer, 

c.  State  Space  Solution  with  Time  Varying  Coeffi¬ 
cients,  The  differential  equations  of  state  can  be 
written  either  in  linear  form,  with  time  varying 
coefficients,  of  in  non-linear  form.  One  would 
then  attempt  to  find  reasonable  forms  for  the 
equations  which  would  admit  relatively  simple 
determination  of  the  steady  state  values.  This 
approuch  requires  as  much  art  und  ingenuity  as 
mathematical  skill. 

d.  Separate  Sub-model  Analysis  of  the  Engagement, 
Engagements  may  be  separately  modelled  and 
analyse,  i,  and  from  these  analyses  average  coef¬ 
ficients  may  be  determined  to  use  in  the  model  of 
Section  1 1 .9,  This  is  probably  the  best  way  to 
obtain  good  estimates  of  fire  unit  effectiveness 
per  engagement,  and  to  understand  how  each  of 
the  performance  parameters  influences  effec¬ 
tiveness.  Fewer  Procrustean  approximations  are 
required  to  describe  system  performance,  and 
causes  and  effects  can  be  better  resolved  than  at 
the  macroscopic  level  of  overall  system  perform¬ 
ance.  It  is  this  approach  which  U  developed  in 
subsequent  sections  of  this  report, 
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Table  XI -4.  Weapon  Parameter! 


Weapon 

Per  Gun 

Mean  Time  (»ec)  for 

Mux  rate  of 
lire  (rpm) 

Rounds  on 

mount 

Atiumed 
Reload  rate 
(rpm) 

Detection  and 

II! 

Acquisition  and 
Computing 

Duster-typo  (two  puns) 

mrtmm 

Not  applicable 

IS 

8 

Vulcan-type  (Gutllng) 

800 

.  116 

8 

7 

Oerlikon-typc  (two  puns) 

330 

33 

. - . 

4 

5 
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Table  XI -6,  Comparlion  of  Potential  Firing  Time  and  Average  Number  of  Round!  Fired  per  Pees 


Weapon 


Duster- type 
Vulcan-type 
Ocrllkon-typc 


Mean  hiring  Time  (sec) 


Without  Reload 
Constraint 


With  Reload 
Coneiraint 


Avcruge  Number 
of  Ruunds  per  Pan 
with  Reload  Comtralnt 


II  II 

14  3,1 

17  S.2 


44 

I  S3 
96 


21)871-617 


Table  XI -6,  Expected  Number  of  Lethal  Hitt  per  Firing  Paaa 


Weapon 

Number  of 

Rounds (N) 

Probability 
of  Kill,  Given 
a  Hit  (Pc) 

Npc 

Rotative  Number 

of  Lethal  Hits 

NpuPh 

Duster-type 

44 

0.48 

21 

1.0 

Vulcun-type 

ISS 

0,15 

23 

2,4 

Oerllkon-type 

96 

o.so 

48 

20,0 

20871-6I8A 


SECTION  12 

ANALYSIS  OF  THE  ENGAGEMENT 


The  most  critical  part  of  a  system  evaluation  of  a 
predicted  fire  system  is  the  analysis  of  possible  engage¬ 
ments,  It  is  this  element  of  the  evaluation  that  is  most 
likely  to  be  averaged  over  in  top  level  defense  simula¬ 
tions,  but  only  at  the  engagement  level  can  one  deter¬ 
mine  the  best  values  of  tne  many  trade-ofTs  possible  in 
system  design  which  cumulate  to  make  a  difference  of 
10/1  in  overall  effectiveness  between  excellent  systems 
and  good  systems. 

To  fully  define  the  system  capability,  one  requires 

Sement  computations  for  a  large  number  of  com* 
ons  of 

a.  Illumination  (day/night), 
b,  Weather. 

c.  System  operational  modes. 

d.  Threat  magnitude  and  attack  scheduling. 

e.  Target  type,  munition,  and  attack  mode. 

12.1  ENGAGEMENT  8UB8TATII 

The  principal  substates  into  which  the  engagement 
may  be  subdivided  are  shown  in  Figure  12-1  for  an 
engagement  with  prior  target  identification,  and  in 
Figure  12-2  for  an  engagement  without  prior  target 
identification. 

The  transition  rates  between  states  depend  on  the 
target  position  relative  to  the  defense  site,  and  hence 
on  time,  as  well  as  on  environmental  parameters,  target 
tactics  and  system  design  characteristics. 

Subject  to  the  availability  of  the  Information  re¬ 
quired  to  quantify  the  model,  the  event  sequences  of 
Figures  12-1  and  12-2  can  be  developed  in  a  simula¬ 
tion,  In  the  present  section,  however,  sub-models  are 
developed  which  allow  preliminary  analysis  and  com¬ 
parisons  of  systems,  prior  to  the  availability  of  a 
complete  engagement  simulation, 

The  Litton  simulation  allows  the  portion  of  the 
engagement  beginning  with  target  acquisition  and 
continuing  through  kill  or  departure  of  the  target  to  be 
evaluated  quickly.  This  simulation  has  an  extremely 
versatile  capability  for  evaluating  a  wide  range  of 
sensor  characteristics,  weapon  characteristics,  predic¬ 
tion  and  smoothing  algorithms,  and  target  path  types, 

To  complete  the  present  section,  however,  some 
simple  analytical  models  of  the  firing  state  are  pre¬ 
sented.  The  approximations  used  have  been  deter¬ 
mined,  by  comparison  with  more  exact  results  from  the 
simulation,  to  be  adequate  for  rouah  estimates.  They 
permit  an  initial  sizing  of  the  problem  prior  to  laying 
out  simulation  runs, 


One  is  not  necessarily  limited  to  simulation  for  a 


event  transitions,  it  is  possible  to  work  through  the 
successive  convolutions  of  probability  density  functions 
to  obtain  the  desired  probabilities  of  aircraft  destruc¬ 
tion  and  destruction  of  the  defended  target.  This 
requires  some  skill  in  choosing  integrable  forms  to 
approximate  the  individual  functions,  and  if  a  com¬ 
puter  is  available,  and  continued  analyses  of  this  kind 
are  planned,  it  may  be  more  economical  *t>  use 
simulation. 

Target  tactics  are  a  principal  determinant  of  the 
outcomes,  Note  from  the  flow  diagrams  that  the  target 
can  exit  from  each  event  state  by  releasing  its  muni¬ 
tions  and  breaking  away.  The  time  at  which  this 
occurs,  or,  more  generally,  the  probability  density 
function  of  release  ranges,  is  an  option  open  to  the 
attacker,  By  delaying  munitions  release,  he  improves 
his  chances  of  destroying  the  defended  target,  in  gen¬ 
eral,  but  lessens  his  own  survival  probability. 

The  defender,  on  the  other  hand,  would  prefer  to  do 
most  of  his  shooting  at  relatively  short  ranges  to 
conserve  ammunition  for  given  effect,  provided  that  he 
is  clever  enough  to  get  in  his  shooting  before  the 
aircraft  releases  its  munitions, 

A  proper  engagement  unalysis  should  therefore  con¬ 
sider  the  interaction  between  attacker's  weapon  release 
doctrine,  and  derender’3  firing  doctrine, 

In  the  following  sections  a  series  of  sub-models  is 
presented  which  allow  a  preliminary  exploration  of 
each  state  of  the  engagement, 

12.2  INITIAL  EXPOSURE  RANGE  OP  TARGET 

The  range  at  which  a  target  is  first  exposed  to 
possible  detection  depends  on  its  altitude,  terrain  char¬ 
acteristics,  and  on  whether  the  target  is  flying  level  or 
following  terrain  contours. 

The  variability  with  terrain,  for  low  flying  aircraft, 
is  very  large,  and  the  initial  exposure  range  will  vary 
widely  for  different  directions  of  approach  to  a  defense 
site  in  most  cases,  since  few  sites  nave  uniform  360° 
coverage, 

One  may  use  digitized  terrain  to  examine  a  particu¬ 
lar  site  in  detail.  However,  a  substantial  amount  of 
effort  is  involved  in  doing  this  for  a  wide  set  of 
representative  terrain  types  and  site  locations  in  a 
specific  terrain  class.  For  initial  estimates  it  may  be 
preferable  to  use  a  simpler  method  which  employs  the 
principal  parameters  defining  exposure  range.  A  possi¬ 
ble  approach,  which  is  not  yet  completely  satisfactory 
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Figure  12-1.  Engagement  Sequence  With  Prior  Identification 


for  reasons  developed  below,  is  to  employ  an  excellent 
terrain  model  developed  by  Caywood-Schiller,  and 
validated  ugainst  computerized  terrain. 

The  Caywood-Schiller  model  expresses  the  average 
range  at  which  u  low  flying  target  can  be  sighted  us 

r  «  Rot0.2l  n  + 0,27m  (12,1) 

where 

R,  -  characteristic  range  for  a  terrain  type 

n  -  target  height  above  terrain  contours  in  units 
of  standard  deviation  of  terrain 


m  “  height  of  the  site  ai/ove  the  mean  terrain 
elevution  in  units  of  standard  deviation  of 
terrain 

R,  is  developed  us  a  function  of  the  parameter  (jicr) 
where 

(3  ■  a  measure  of  terrain  correlation  (units  of  km') 

cr  *  standard  deviation  of  terrain  about  the  mean 

Terrain  ‘roughness*  is  defined  in  terms  of  the  value 

of  ifitr). 

This  expression  has  been  laid  out  in  the  form  of  a 
nomogram  in  Figure  12-3.  In  udditlon,  two  curves 
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Figure  12-2,  Engagement  Sequence  Without  Prior  Identification 


have  been  sketched  in  to  relate  target  velocity  to  aver- 
uge  height  above  terrain  (in  units  of  standard  devia¬ 
tion  of  terrain). 


If  one  uses  the  Cuywood-Schiller  formula  directly, 
one  finds  that  the  exposure  ranges  are  high  by  a  fuetor 
of  about  2.3  over  those  obtained  in  helicopter  detection 
experiments.  This  difference  might  be  explained  on  the 
basis  that  the  helicopters  used  approach  paths  which 
concealed  them  from  the  sight  as  long  us  possible,  but 
the  difference  requires  detailed  analysis  for  a  full 
explanation.  However,  a  'best  approach'  scale  has  been 
uJded  in  Figure  12-3  to  reduce  exposure  range  by  a 
factor  of  2,5, 


In  Figure  12-4  the  experimental  dnta  on  helicopter 
sighting  runges  has  been  plotted  as  u  function  of  target 
velocity  und  terrain  roughnesr.  Since  terrain  roughness 
wus  not  measured  in  the  experiments,  the  assumption 
is  made  thus  the  qualitative  designations  can  be  related 
to  the  qualitative  designations  suggested  by  Caywood- 
Sch  liter. 


It  will  he  noted  from  Figure  12-4  that  increasing 
terrain  roughness  increases  exposure  range.  As  terrain 
becomes  increasingly  flat,  exposure  range  must  increase 
again,  as  sketched  via  the  dashed  lines,  but  this  was  not 
observed  in  the  experiments. 
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Figure  12-3.  Nomogram  for  Eatimetlng  Target  Exposure  Range 


Figure  12-4.  Visual  Detection  Range  ot  Helicopters  versus  Terrain  Roughness 


l'hc  actual  measurement  in  the  experiments  was 
'exposure  time'  during  which  the  observers  could  see 
the  helicopters,  and  to  construct  Figure  1 2-4  this  was 
multiplied  by  velocity  and  divided  by  a  Factor  of  2.0, 
to  obtain  a  rough  estimate  of  initial  exposure  range. 
The  experiment  included  the  detection  process,  but 
even  if  one  adds  two  or  three  seconds  for  the  observer 
to  detect  the  helicopter  after  it  has  been  exposed  (in 
almost  all  cases  he  had  already  heard  the  engines  and 
wus  alerted  to  the  approximate  direction  of  approach), 
the  difference  between  the  model  and  the  experiment  Is 
still  not  resolved. 

Another  complicating  factor,  difficult  to  include 
properly  in  map  studies  is  the  effect  of  vegetation, 
buildings,  etc.  in  shielding  low  flying  aircraft  against 
exposure  and  this  may  help  to  explain  the  difference, 

The  relationship  between  target  height  above  ground 
und  speed  in  Figure  12-3  assumes  that  height/standard 
deviation  is  a  simple  function  of  velocity.  In  fact  it  is 
probable  thut  for  u  given  velocity,  target  height  above 
ground  increases  us  a  higher  power  of  standard  devia¬ 
tion,  und  this  may  also  help  to  explain  the  increase  in 
sighting  range  with  terrain  'roughness'. 

The  variation  of  the  experimental  dutu  with  even 
small  displacements  in  observer  position  is  much 
greuter  than  the  indicated  effect  of  terrain  roughness  in 
Figure  12-4, 

It  is  therefore  suggested  thut  Figure  12-3  may  be 
ucceptuble  for  rough  estimates  of  target  exposure 
range,  und  thut  the  usefulness  of  a  simple  chart  of  this 
type  muy  be  sufficient  to  encourage  its  improvement 
based  on  more  extensive  experimental  data  und  com¬ 
puter  anulysis  of  terrain  data. 


where  the  reference  indicates  a  values  of  Dm  -  1,3 
kilometers  for  a  mid-European  zone,  and  1.63  kilome¬ 
ters  for  northwest  Germany, 

An  extensive  set  of  references  on  the  effect  of  terrain 
on  target  exposure  range  is  given  in  the  accompanying 
Analysis  Report  on  this  contract,  including  the  Cay- 
wood-Schiiler  analyses. 

32,3  VISUAL  DETECTION  PROBABILITY 

Before  going  into  detailed  computations  of  visual 
detection  probability  it  may  be  helpful  to  have  a 
simple  method  of  making  initial  rough  estimates.  The 
nomogram  of  Figure  12-5  makes  this  possible.  A 
detailed  discussion  of  the  factors  entering  the  estima¬ 
tion  of  detection  probability  by  a  human  observer  it 
provided  in  Section  3.0  of  the  Analysis  Report.  Figure 
12-5  is  based  on  the  following  rationale: 


a.  The  search  rate  of  a  human  observer  can  be 
represented  by  u  ‘glimpse  rate'  multiplied  by  a 
function  or  runge  whicn  depends  on  turget  rela¬ 
tive  contrast  at  the  observer  and  the  angle  sub¬ 
tended  by  the  turget  at  the  observer's  eye.  The 
relative  contrast  of  u  target  against  u  sky  back¬ 
ground  is  approximated  as  a  simple  exponential 
function  of  meteorological  visibility  range  Vm. 

h.  The  probability  that  u  turget  approaching  the 
observer  hus  been  detected  by  range  R,  if  it  is 
lirst  exposed  ut  runge  R„  is  approximated  by 

,  .  rR o  o.2  -k,R/Vm 
-k/vj  R  “  o  ■  m 

P(R,R0)-|-e  R  (12.3) 


An  example  of  the  use  of  the  nomogram  is  shown  by 
the  dotted  lines.  A  target  flying  at  400  knots  under 
manual  control  is  estimated  to  follow  contours  at  about 
2.2  times  terruin  standard  deviation.  For  a  site  ut  the 
terrain  mean  elevation  in  rolling  terrain,  the  average 
initial  exposure  runge  is  about  3.8  kilometers,  and  the 
exposure  range  for  a  ‘best*  approach  is  1.5  kilometers, 
The  exposure  time  to  midpoint  is  therefore  about  19 
seconds  for  an  average  approach  and  about  8  seconds 
for  a ‘best’ approach. 

In  estimating  sighting  distances,  one  might  expect 
thut  as  the  velocity  of  a  helicopter  is  reduced  in  nape 
of  the  earth  flying,  und  the  height  above  ground 
approaches  zero,  the  distribution  of  exposure  ranges 
might  approach  that  already  worked  for  tanks  in  tank 
versus  tank  combat,  Some  data  on  tank  sighting  ranges 
has  been  published  in  an  unclassified  journal*4  and 
appears  to  he  based  on  an  exponential  distribution,  so 
thut  the  probability  that  a  tank  is  exposed  beyond  D 
kilometers  is 


where 

v  «  turget  velocity 

R  -  slant  range 

Vm  m  meterological  visibility  (meters) 

k>  -  a  numerical  constant 

k  -  a  coefficient  depending  on  the  solid  angle 
scanned  by  the  observer. 

c.  The  function 

Q(R.“)  -  1  -  P(R,-)  (12.4) 

has  been  computed,  using  Hummro  and  Human 
Engineering  Laboratory  experiments  under  con¬ 
ditions  of  excellent  visibility,  as  a  point  of  depar¬ 
ture.  From  the  curves  of  detection  probability 
versus  range  for  45/90"  search,  curves  for  other 
vulues  of  \m  have  been  estimated. 
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Figure  12-6.  Nomogram  for  Estimating  Cumulative  Visual  Detection  Probability 


d.  From  the  form  of  Equation  (12.3) 

QCR.Ro)  -  Q(R,“)/Q(R0.-)  02.5) 

and  conversion  to  other  target  velocities  v  is 
accomplished  by 

Q(R.R0|V)  -  Q(R.Ro,400)400/v  (12,6) 

To  use  Figure  12-5  enter  with  the  initial  target 
exposure  range  R,  and  the  range  R  at  which  the 
cumulative  detection  probability  is  desired.  Draw  a 
line  from  the  higher  intercept  on  the  vertical  axis  to 
point  C.  This  is  line  A.  Draw  line  B  parallel  to  A, 
Enter  the  target  velocity  section  of  the  nomogram  with 
the  intercept  of  line  B  on  the  axis  OC  and  read 
cumulative  detection  probability  on  the  horizontal  axis. 

The  basic  data  was  taken  against  low  level  targets 
with  unobstructed  line  to  sight  to  very  long  ranges.  The 
question  of  whether  the  basic  data  has  been  properly 
interpreted  and  extended  in  Figure  12-5  certainly 
needs  to  be  examined  very  carefully,  if  the  data  have 
been  interpreted  properly,  one  would  not  consider 
seriously  the  design  of  a  low  altitude  air  defense 
system  to  operate  beyond  2000  meters  and  depending 
on  visual  target  detection  by  a  human  operator. 


Figure  12-5  is  limited  to  estimates  of  detection 
probability  of  aircraft  approaching  the  observer  on  a 
low  altitude  path  the  ground  track  of  which  passes 
through  the  observer’s  position.  It  should  not  be  used 
for  paths  with  more  than  a  few  hundred  meters  cross¬ 
ing  range,  or  for  high  altitude  paths.  It  also  does  not 
allow  for  sun  angle,  which  should  be  included  in  an 
accurate  computation.  Since  the  aircraft  always  flies 
over  the  observer  at  low  altitude  it  is  always  detected 
eventually.  For  offset,  or  high  altitude  paths,  one  might 
perform  the  integration  of  Equation  (12.3)  over  the 
corresponding  range  segments,  in  which  case,  Anal 
detection  probability  would  not  be  unity.  In  this  case 
one  should  probably  also  introduce  the  change  in 
projected  target  area  with  aspect. 

As  an  example  of  how  one  might  combine  the 
probability  density  functions  of  successive  states,  con¬ 
sider  the  convolution  of  the  exposure  range  function 
with  that  for  visual  detection. 

Over  the  range 


500  <Vm<  10,000  meters  (12.7) 

the  range  at  which  a  cumulative  detection  probability 
of  50%  is  attained,  for  the  conditions  of  Figure  12-5 
by 
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lRso,!000)=  l6K(400/v)(Vm/!000),/2  (12.8) 

where  R«,  Vm  are  measured  in  meters,  v  •  target 
velocity  in  knots,  and 

K  ■  0.5  for  180 -360°  scan 
>  1 ,0  for  45  *  90°  scan 
■  2,0  for  less  than  10°  scan  (12.9) 


The  probability  that  the  target  has  not  been  detected 
by  a  range  R,  given  initial  exposure  at  very  long  range 
can  be  approximated  as 


on*  -  ,-6,3(Rso'">2 


(12.10) 


and  the  probability  that  the  target  has  not  been  de¬ 
tected  by  R.  given  initial  exposure  at  R.  is  then 


Q(R 


•**»»>>««  V> 


1.0 


R<RU 

R>RU 


(12,11) 

We  now  wish  to  combine  this  with  the  probability 
density  function  for  initial  exposure  range,  For  this 
example,  we  ignore  the  probability  that  the  target  may 
drop  its  bombs  and  depart  before  the  detection  process 
has  been  completed, 

To  perform  the  convolution  of  the  probability  densi¬ 
ties  in  closed  form  we  require  an  approximate  form 
for  the  exposure  function  that  will  integrate  with 
Equation  (12  II),  The  function  given  by  Caywood- 
Schiller  is  rather  complex,  and  we  replace  it  by  one  of 
about  the  right  shape,  which  has  not,  however,  been 
checked  through  for  accuracy  of  representation. 

We  assume  that  the  probability  that  the  target  has 
not  been  exposed  by  range  R,  can  be  approximated  by 
the  function 


2 

F(R0)  -  e‘a/Ru  (12,12) 

The  average  exposure  range  (which  would  be  ob¬ 
tained  from  Figure  12-3)  defines  the  coefficient  a,  as 

(R0)QV  -  (rra)'/2  (12,13) 

Then  the  probability  that  the  target  will  not  have 
been  detected  by  range  R,  averaged  over  the  distribu¬ 
tion  of  exposure  ranges,  works  out  to 


r  rR 

Q(R)  -  J  .  CXR.Ro)  dF(R0)  +  /  dF^) 
R  Jo 


m  e 


-a/R2.ae-m/R2 


where 


m  -a 


m  ■  ,693  RS02 


(12.14) 


«  •  (R0)a v  /ff 


(12.15) 


For  an  evaluation,  one  needs  informn  <>n  on  the 
probability  of  having  visibility  ranges  Vm  under  the 
operational  conditions  being  considered  in  the  evalua¬ 
tion,  This  data  exists  in  large  quantities  for  all  opera¬ 
tional  theaters  of  interest.  Figure  12-6  shows  typical 
distribution  functions  for  Germany,  for  two  months  of 
the  year. 

The  function  seems  to  be  representable  in  the  form 


Prob(Vm  > 


V  *)  -  e'k(Vm  > 
vm  >  9 


*-3/2 


(12.16) 


Equally  important  in  assessing  tactical  limits  on  the 
engagement  is  the  umount  und  level  of  cloud  cover.  In 
general  visibility  at  low  angles  of  sight  is  greater  than 
visibility  range  at  high  angles,  since  cloud  cover  tends 
to  lie  at  ubout  5000  ft,  With  extensive  low  cloud  cover, 
an  attacker  using  visual  bombing  is  unable  to  acquire 
targets  for  dive  bomb  attucks,  although  he  may  be 
engaged  through  cloud  cover  by  a  radar  directed  lire 
unit,  Data  on  cloud  cover  and  its  frequency  of  occur¬ 
rence  is  also  available  from  sources  of  meteorological 
statistics. 

12.4  VISUAL  IDINTIFICATION 

A  chart  similar  to  that  of  Figure  12-5  could  be 
developed  for  visual  identification,  but  unfortunately 
time  has  not  permitted  this.  Range  for  visual  identifi¬ 
cation  is  much  shorter  than  that  for  detection.  Refer¬ 
ences  to  experimental  data  are  given  in  the  Analysis 
report,  and  some  sketches  of  identification  contours, 
compared  with  detection  contours,  were  provided  in 
the  AFAADS-I  report, 

In  general,  reliance  on  visual  identification  will  be 
even  more  severely  limiting  on  a  defense  system  than 
reliance  on  visual  detection,  and  there  is  hardly  any 
point  in  attempting  to  develop  a  system  with  extended 
effective  range  if  it  cannot  be  cleared  to  fire  until  the 
target  is  within  a  few  hundred  meters.  - 
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Figure  12-6.  Visibility  Range  Distributions  in  Germany 


12.8  TARGET  DITECTION  BY  RADAR 

Characteristics  of  a  number  of  current  radars  In¬ 
tended  for  surveillance  in  air  defense  systems  are  listed 
in  Table  XII- 1 .  The  indicated  detection  ranges  are  all 
considerably  in  excess  of  those  required  for  a  predicted 
Are  system  to  operate  at  its  maximum  effective  range, 
which  Tor  a  gun  is  not  likely  to  exceed 

Dmax(km)  ■  Caliber  (mm)/5  (12.17) 

with  the  best  Are  control  currently  possible. 

Radar  rotation  speeds  are  about  I  second,  and  if  two 
scans  arc  required  to  confirm  detection,  targets  emerg¬ 


ing  from  terrain  masks  should  be  reliably  detectable  in 
no  more  than  2  seconds. 

In  the  case  of  the  Crotale  short  range  surface  to  air 
missile  system,  which  employs  a  surveillance  and  a 
tracking  radar,  an  elapsed  time  of  5  seconds  has  been 
estimated  from  first  target  sensing  by  the  surveillance 
radar  to  lock-on  by  the  tracking  radar.  Of  the  5 
seconds,  2  seconds  are  allotted  to  slewing  of  the  track¬ 
ing  radar  to  the  direction  designated  by  the  surveil¬ 
lance  radar. 
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12.6  ELAPSED  TIME  TO  ENGAGEMENT  OF 
TARGET 

As  a  rough  indication  of  a  minimum  elapsed  time 
from  target  exposure  to  first  possible  projectile  impact, 
Table  XH-2  has  been  developed  based  on  the  Crotale 
estimates,  The  times  indicated  are  for  a  completely 
automatic  system,  Elapsed  times  can,  of  course,  be  very 
much  longer  with  a  manual  system,  depending  on 
whether  the  operators  are  alerted  and  at  tneir  operat¬ 
ing  stations,  They  might  even  be  shortened  by  further 
improvements  in  automatic  system  design. 

In  the  present  study,  no  data  has  been  acquired  on 
the  actual  elapsed  times  of  the  component  parts  of  the 
engagement  process  from  which  one  may  estimate 
limits  and  possiblities  of  improvement,  No  doubt  this 
data  exists  in  records  of  antiaircraft  system  tests,  and  it 
should  be  organized  in  a  form  suitable  for  use  in 
analysis  and  simulation. 

12.7  EXTERIOR  AND  TERMINAL  BALLISTICS 

Before  discussing  the  evaluation  of  the  prediction 
algorithms,  approximate  methods  Tor  estimating  pro¬ 
jectile  time  or  flight  and  lethality  are  a  useful  prelimi¬ 
nary,  since  these  factors  are  employed  in  the  overall 
engagement  kill  probability  estimates, 


Table  XII -2,  Event  Sequence  In  Engaging  Target 


Event 

Elapsed  Time 
(seconds) 

Target  Exposed 

0 

Target  Detuned 

1 

(60  rpm  teen) 

Target  Designated  (o  Tracker 

2 

Traeker  Slcwi 

4 

Tracker  Lock*on 

3 

Firing  Data  Available 

7 

<2>iec  smoothing) 

First  Round  Arrives  at  Target 

7  +  time  of  flight 

12.7,1  Eetlmating  Tima  of  Flight 

The  computation  of  exterior  balliatic  data  is  a  highly 
sophisticated  science.  However,  it  is  helpful  to  have  a 
quick  means  of  estimating  time  of  flight  to  a  specified 
range  without  searching  through  firing  tables.  Drawing 
some  confidence  from  rigure  7-14  which  inr'  ate*  that 
simple  normalize tk  ,i  of  projectile  data  allc  .  time  of 
flight  to  be  plotted  against  slant  range  with  only  small 
scatter  about  a  mean  cum,  a  nomogram  has  been 
developed  and  is  presented  as  Figure  12-7, 

The  family  of  curves  is  based  on  the  esimated  time 
of  flight  versus  range  relationship  developed  in  a 
design  study  for  an  improved  3 7-mm  projectile,  with 
boattail  and  without  rotating  band,  the  curves  for 
other  calibers  are  obtained  simply  by  scaling  ordinate 
and  abscissa  in  proportion  to  caliber. 

The  curves  are  computed  for  a  muzzle  velocity  of 
1 100  meters/second.  Again,  relying  on  Figure  7-14,  if 
not  on  theory,  time  or  flight  to  a  specified  range  is 
computed  as  a  ratio  to  time  of  flight  for  1 100  meters 
per  second,  and  the  left  hand  portion  of  the  nomogram 
allows  correction  to  other  muzzle  velocities, 

The  dashed  lines  show  an  example.  A  20-mm  round 
at  1 100  meters  per  second  with  excellent  drag  coeffi¬ 
cient  has  a  time  of  flight  of  about  5.3  seconds  to  3000 
meters,  and  at  a  muzzle  velocity  of  1000  meters  per 
second  the  time  of  flight  is  determined  to  be  approxi¬ 
mately  6.0  seconds. 

The  nomogram  Is  constructed  for  a  projectile  density 

p  -  (wp/C3)x  104  ■  0.317  (12.18) 

where  w„  -  projectile  weight  in  pounds,  and  C  - 
caliber  in  millimeters.  \ 

It  can  be  used  for  other  values  of  p  and  less  than 
optimum  ballistics  by  entering  with  a  value  of  caliber 
C,  computed  as  \ 

Ct  ■  C(p/0.3I7)K  (12.19) 

Where 

C  -  the  caliber  of  the  round  being  estimated 

p  -  its  computed  density 

K  *  1.0  for  'excellent1  ballistics 
0,8  for  ’good'  ballistics 

0.6  for  ‘fair’  ballistics  (Typical  of  most  WW 
It  projectiles) 

Ct  -  value  of  caliber  used  to  enter  the  nomogram 
instead  of  C. 

The  two  curves  of  Figure  7-14  differ  by  a  value  of 
K  *  0.6  as  can  be  seen  by  sliding  one  along  (he  zero 
drag  line  until  they  coincide. 
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which  happened  to  strike  the  engines,  tail  assemblies, 
or  control  surfaces  of  these  planes,  The  ‘Stormovik’ 
was  somewhat  sluggish  in  penormance;  it  might  have 
been  more  maneuverable  except  Tor  its  weak  power 
unit.* 

12.8  FIRE  CONTROL  EVALUATION 

As  indicated  at  several  points  in  the  earlier  sections 
of  this  report,  the  principal  factor  determining  the 
effectiveness  of  predicted  lire  systems  is  the  accuracy 
with  which  the  predicted  target  position  can  be  com- 
puted.  The  difference  between  a  ‘nest'  set  of  prediction 
algorithms  und  u  set  of  approximations  justified  on  the 
busis  of  eusc  of  implementation  is  too  large  to  be 
rectified  by  high  rate  of  fire  und  artificial  dispersion, 

1 2.8. 1  Limiting  Conetralnta  on  Well  Designed 
System* 

With  the  current  state  of  the  urt  of  digital  comput¬ 
ers,  high  performance  servomechanisms,  sensors,  good 
mechanical  design  of  the  gun  mount,  excellent  projec¬ 
tile  ballistic  characteristics,  and  effective  system  cali¬ 
bration  procedures  it  should  he  possible  to  reduce  all 
sources  of  system  error  to  a  level  where  performance 
cun  he  described  in  terms  of 

u.  Irregularities  of  the  turgei  path, 

h.  Sensor  dynumlcs  (error  und  power  spectral  den¬ 
sity). 

c.  Prediction  algorithms. 

d.  Ammunition  dispersion, 

e.  Projectile  tcrminul  effectiveness. 

f.  Rate  or  Fire. 

At  the  relatively  short  runges  of  predicted  (Ire  sys¬ 
tems,  a  pulse-doppler  trucking  radar  In  expected  to  he 
limited  in  accurucy  principally  by  'glint',  with  a  linear 
standard  deviation  constant  with  slant  range,  and 
about  equal  to  half  the  projected  target  dimension 
before  dutu  processing,  Visual  tracking  by  u  human 
operator  with  regenerative  aiding,  and  well  designed 
control,  and,  possibly  up  to  3x  magnification  in  optics 
should  do  at  least  as  well.  The  provision  of  regenera¬ 
tive  assistance  should  make  this  capability  independent 
of  target  ungulur  velocity  and  acceleration, 

However,  this  performance  cun  he  improved  by  data 
smoothing,  und  the  amount  of  the  reduction  depends 
on  the  glint,  or  human  tracking  error  band  width,  and 
the  corresponding  filtering  which  is  possible  in  data 
processing, 

Since  prediction  involves  differentiation,  very  nur- 
row  sensor  error  bandwidth  may  be  as  advantageous  us 
very  wide  bandwidth,  if  associated  angular  lag  prob¬ 
lems  can  be  circumvented  by  regenerative  aids, 

The  sensor  tracking  data  is  processed  in  Are  control 
system  by  various  coordinate  transformations,  smooth¬ 


ing  operations,  differentiation  and  prediction.  With 
modern  computers  and  servomechanisms  it  should  be 
possible  to  hold  errors  resulting  from  the  computa¬ 
tional  elements  to  very  small  values,  compared  With  the 
errors  resulting  from  sensor  errors, 

The  prediction  error  resulting  from  sensor  tracking 
errors  incteasea  with  projectile  time  of  flight  ana 
decreases  with  increasing  data  smoothing  time.  It  also 
increases  with  the  number  of  derivatives  used  in  pre¬ 
diction.  Thus  sensor  noise  is  amplified  more  in  a 
quadratic  predictor  than  in  a  linear  predictor, 

Short  smoothing  time  is  desirable  for  rapid  initial 
generation  of  firing  data,  and  to  minimize  lag  when 
the  target  changes  direction  or.  velocity,  For  a  specified 
effective  smoothing  time,  some  shaping  of  the  weight¬ 
ing  function  is  possible  to  improve  the  effectiveness  of 
smoothing,  It  is  usually  better  to  have  a  weighting 
function  approaching  a  parabolic  shape  rather  than  a 
simple  exponential,  because  the  long  tail  of  the  expo¬ 
nential  delays  the  rate  at  which  old  data  disappears 
from  the  system,  The  best  shape  depends  on  the  power 
spectral  density  of  the  sensor  error,  and  some  compro¬ 
mising  between  early  availability  of  good  data,  and 
minimization  of  the  effect  of  old  data. 

Some  averaging  times  of  past  Are  control  systems 
ure  given  in  Table  XII *3.  The  M9  computer  was  for 
use  with  the  90  mm  and  120  mm  guns  out  to  time  of 
flight  tp  -  30  seconds. 

It  seems  probable,  from  experiments  on  the  Litton 
simulation  that  smoothing  time  should  be  an  increas¬ 
ing  function  of  time  of  flight,  to  retain  short  settling 
time  against  targets  exposed  at  short  runges  and  effec¬ 
tiveness  at  the  longer  ranges  against  targets  using  pop¬ 
up  tactics  to  deliver  stand-off  weapons. 

To  show  how  performance  may  vary  with  target 
path  und  the  prediction  algorithms  used  in  the  Are 
control  system,  Figures  12-9  and  12-10  have  been 
obtuined  from  runs  on  the  Litton  simulation.  The 
simulation  was  for  a  23  mm  gun  with  excellent  ballis¬ 
tics,  MOO  meiers/stcond  muzzle  velocity,  and  the  tar- 
et  flew  at  an  average  altitude  of  about  400  meters  at 
00  meters  per  second, 

The  index  shown  In  for  probability  of  destroying  the 
target  with  a  one  second  burst  which,  for  this  weapon, 
contained  58  rounds, 

The  curves  correspond  to  computations  along  a  line 
of  constant  angle  from  path  midpoint  on  paths  of 
progressively  increasing  crossing  range.  The  projected 
area  of  the  target  was  therefore  approximately  con¬ 
stant,  and  the  curves  show  the  effects  of  range,  time  of 
flight,  prediction  algorithm  and  target  maneuver.  In  all 
cases  the  weapon  was  assumed  to  have  3  mils  angular 
round  to  round  ammunition  dispersion. 


Table  XII -3.  Data  Smoothing  Functions 


Y«sr 

— 

System 

Weighting 

Function 

Time  Constant 
of  Memoty 
Time 

1930 

Wllson>Sperry 

T-4 

Constant 

3  sec 

1933-40 

M>4,  M-7 

Mechanical 

Exponential 

yu 

1940- 

current 

Gyroscopic 

Lead  Com¬ 
puting  Sight 

Exponential 

y* 

1942-30 

M9 

Approximately 

Parabolic 

10  icc/20  sue 

options 

I960 

Vigilante 

Approximately 

Bl-cxponenttal 

3  sue 

lbs?  i  -ail 


At  short  ranges  the  probabilities  drop  because  of  the 
very  high  rates  of  change  of  acceleration  and  the  Tact 
that  the  assumed  regeneration  algorithm  was  only 
effective  in  correcting  the  first  two  derivatives. 

The  systems  have  not  been  optimized.  The  linear 
prediction  system  would  do  better  at  the  longer  ranges 
If  smoothing  time  had  been  increased  with  time  of 
flight.  Note  that  the  preference  order  of  the  prediction 
algorithms  changes  across  the  two  cases, 

System  optimization  would  project  the  effective 
runge  in  both  cases  considerably  beyond  3000  meters, 

12.  •.  2  Poaalblo  Deficiencies  of  lalatlng  Systems 

Unfortunately,  many  fire  control  systems  offered  as 
candidates  for  selection  do  in  fact  contribute  addi* 
tionul  errors  to  the  generation  of  gun  data  resulting 
from 

a.  Computational  algorithms  which  are  imperfect 
even  against  unaccelerated  targets. 

b.  ‘Instrumentation  (mechanization)  errors’,  result* 
ing  from  scale  factor  limitations,  gear  backlash, 
shaft  torsion,  transducer  errors,  internal  servo 
lags,  etc, 

c.  Imperfect  computation  of  projectile  ballistic  data, 

and  other  causes.  In  addition,  gun  mounts  may  have  an 
undesirable  degree  of  flexibility,  drive  servos  lag,  and 


the  computational  process  and  the  system  operation  as 
a  whole  may  be  degraded  in  various  ways  by  the  shock 
of  firing. 

Most  important,  all  predicted  fire  systems  are  highly 
vulnerable  to  errors  of  boresighting  and  day  to  day 
‘calibration’, 

12.8.3  Need  for  Comparative  Teeta  and  Analyses 

Some  of  these  error  components  may  be  estimated 
by  paper  studies.  One  may,  for  example,  compute  the 
magnitude  of  aim  error  resulting  from  approximations 
in  various  computational  algorithms. 

Experience  indicates,  however,  that  the  performance 
of  an  existing  system  can  only  be  determined  with 
acceptable  validity  by  actual  testing.  The  testing  must 
be  done  in  a  way  that  separates  the  inherent  system 
errors  from  those  resulting  from  target  path  irregulari¬ 
ties.  This  suggests  the  following  sequence  of  tests. 

a.  Static,  or  semi-dynamic  test  of  computational 
accuracy  with  Axed  position  inputs,  and  possibly 
constant  velocities  injected  at  the  differentiating 
units. 

b.  Dynamic  test  with  synthetic  target  path  inputs 
injected  at  the  sensor  inputs.  This  may  Include 
firing. 

c.  Dynamic  test  tracking  a  synthetic  target  on  a 
specified  set  of  paths  with  sensors  operating. 

d.  Tests  against  real  targets  on  simple  (unacceler¬ 
ated)  paths,  possibly  firing  blank  ammunition. 

e.  Repeat  of  (4)  with  the  target  flying  typical  attack 
paths. 

f.  Firings  against  drone  targets,  with  live  ammuni¬ 
tion, 

12.8  COMPUTATION  OF  KNQAQIMENT  KILL 
PROBABILITIES 

The  Litton  simulation  allows  rapid  computation  of 
engagement  kill  probabilities  for  a  wide  variety  of 
prediction  modes,  algorithms,  target  path  types  and 
system  parameters.  Considerable  insight  can  be  gained, 
nevertheless,  on  why  results  on  the  simulation  turn  out 
the  way  they  do,  by  simple  analytic  models.  These 
models  use  approximations  which  have  been  deter¬ 
mined  to  be  acceptable  by  comparison  with  simulation 
runs. 

12.8,1  Summary  of  Probability  Rotation* 


This  section  summarizes  briefly,  the  probability  rela¬ 
tions  used  in  computing  engagement  kill  probability. 


Single  shot  hit  probability  is  approximated  as 
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where  the  projected  area  of  the  target  norma!  to  the 
bullet  trajectory  is 


\  *’  ffa2  (12.21) 

and 


o  »  standard  deviation  of  the  probability  density 
function  of  the  shot  pattern  (linear)  measured 
from  the  center  of  the  pattern. 

r  ■  ‘bias',  or  deviation  of  the  center  of  the  shot 
pattern  from  the  target  center. 

Single  shot  probability  will  usually  be  very  small,  in 
which  case  the  relative  shapes  of  the  target  und  the 
shot  puttern  ure  irrelevant,  If  the  bias  occurs  princi¬ 
pally  in  one  dimension,  u  simple  and  obvious  modifi¬ 
cation  of  Equation  (12.20)  is  required.  For  details,  see 
the  AFAADS-I  report. 

To  convert  hit  probability  to  kill  probability  either 
multiply  p„  by  p,,  the  probability  that  a  hit  causes  a 
kill,  or  replace  the  term  a*  by  p,*.  The  former  assump¬ 
tion  is  equivalent  to  assuming  uniform  vulnerability  of 
the  target  over  its  surface;  the  latter  assumes  that 
vulnerable  components  arc  collected  ubout  the  geomet¬ 
ric  center  of  the  target.  When  is  small,  both  ap¬ 
proaches  give  the  same  result,  for  all  practical 
purposes. 

All  of  the  terms  of  Equation  (12.20)  will  vary  with 
time,  but  for  a  short  burst  of  suy  one  second,  they  can 
he  ussumed  to  be  constant. 

The  term  cr  contains  two  components;  I)  the  ran¬ 
dom  round  to  round  ammunition  dispersion,  und  2)  a 
component  of  ‘aim  wander'  of  the  error  in  aiming  the 
weapon,  For  very  short  bursts  the  component  resulting 
from  aim  wander  tends  to  be  constant  during  a  burst 
and  randomly  distributed  across  bursts;  for  very  long 
bursts,  a  portion  of  aim  wander  may  be  included  in  the 
random  round  to  round  dispersion. 

The  bias  T‘  also  includes  boreiight,  calibration,  and 
systematic  solution  errors  of  the  lire  control  system,  In 
this  section,  we  assume  an  excellent  fire  control  system, 
so  that  the  only  sources  of  'bias'  are  the  effect  of  sensor 
error  as  amplified  in  the  prediction  process,  and  target 
deviations  from  a  predictable  path. 

For  a  short  burst  of  n  rounds,  the  probability  that 
the  target  survives  is 


where  f(>)  is  the  probability  density  function  of  bias 
across  bursts,  if  f(y)  is  assumed  to  be  representable  as 
a  circular  normal  distribution  with  variance  oV,  0  can 
be  evaluated  in  terms  of  the  Incomplete  Gamma 
Function. 

Figure  12-11  shows  burst  kill  probability  pk  com¬ 
puted  from  Equation  (12.22)  where 

Pb“l-*  02.23) 


in  Figure  12-11 


und 


E  «  expected  number  of  lethal  hits 
a2 

K  ■  np  - - s - t 

a2  +  2cr  +  2ob2 

X  *  2ob2/!(u2  +  2o2) 


(12.24) 
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Ammunition  dispersion  may  he  considered  a  dispos¬ 
able  parameter,  at  least  in  the  system  concept  stage, 
und  tne  dashed  lines  show  how  burst  kill  probability 
varies,  for  a  constant  value  of  na’p*^/,  as  ammuni¬ 
tion  dispersion  is  varied, 

When  E  is  small,  p>  is  essentially  independent  of  X, 
and  is  a  function  only  of  E.  For  large  E,  an  adequate 
approximation  to  p,  with  optimum  dispersion,  is  ob¬ 
tained  by  taking  X  -  I,  and  for  this  case,  Equation 
(12,22)  yields  the  very  simple  solution 


I  -e’2E 

Pb  "  1 — (12.26) 


Another  simple  solution  is  available,  if  the  shot 
pattern  is  ussumed  to  be  adjustable  to  optimum  shape 
(not  necessarily  Gaussian).  In  this  case 


1  ftp 

a2t/2| 

m 

"P 

a.. 

a2l'/2 

5" 

y 

.X 

y  “*  (12,27) 

where  the  form  has  been  generalised  to  allow  <r„  cr,  to 
assume  different  values, 
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Figure  12-9.  Buret  Kill  Probability  vereus  Unacceloratad  Target  with  25  MM  Qun 


The  vuriance  of  prediction  error  caused  by  sensor 
error  can  be  written  approximately,  for  a  linear  predic¬ 
tor,  as 

(op/fft)2  »  c0  +e,  Ctp/T,)  +c2(tp/Ta)2  (12.28) 

where  the  coefficients  depend  on  the  band  width  of  the 
sensor  noise  and 

cTp’  ■  variance  of  prediction  error 

cr,*  «  variance  of  sensor  error 

tp  -  time  of  flight 

T,  -  smoothing  time 


This  ignores  the  second  order  effect  of  errors  in  time 
of  flight  caused  by  sensor  errors,  and  the  second  order 
effects  of  geometric  transformations, 

The  function  is  asymptotic  to  unity  for  very  narrow 
sensor  error  bund  width  (i.e„  the  error  approaches  a 
constant  value)  and  to  zero  for  very  wide  band  width. 
It  should  always  be  possible  to  do  somewhat  better 
than 


(Op/Ot)2  •  I  +2(tp/T|)  +  2(tp/T|)2  (12.29) 

however  this  function  will  be  used  in  the  present 
discussion. 
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Flguro  12-10,  Burst  Kill  Probability  versus  Linking  Tsrgat  with  2B  MM  Gun 


If  quadratic  prediction  is  used,  Equation  (12,28)  will 
contain  terms  up  to  t,4  Intermediate  modes  between 
linear  and  quadratic  include  'tangential'  prediction  in 
which  the  prediction  Is  updated  by  an  acceleration 
correction  to  correct  for  velocity  lag  caused  by  acceler¬ 
ation,  but  not  for  deviations  caused  by  target  accelera¬ 
tion  during  time  of  flight, 

Computation  of  the  appropriate  coefficients  for 
Equation  (12,28)  for  linear  predictors  and  for  qua¬ 
dratic  and  partial  quadratic  predictors  is  developed  in 
detail  In  the  AFAADS-i  report, 

For  a  very  long  firing  interval,  it  is  necessary  to 
account  for  the  fact  that  all  of  the  terms  in  Equation 


(12,22)  will  be  time  varying,  Some  remarkable  simula¬ 
tion  results  indicate  thut  over  a  wide  variation  of  path 
parameters,  with  simulated  radar  trucking,  the  coeffi¬ 
cient  X  may  be  assumed  to  be  a  constant.  i.e„  by  a 
judicious  choice  of  angular  dispersion,  the  dispersion 
pattern  and  the  aim  wander  pattern  remain  in  about 
the  same  ratio, 


One  may  then  compute  E  from  Equation  (12.24)  by 
numerical  integration  over  the  firing  segment,  or  in 
closed  form  by  analytical  approximations,  and  finally 
compute  engagement  kill  probability  from  Equation 
(12.26),  Note  that  this  process  does  account  for  serial 
correlation  of  miss  distances. 
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Figure  12-11.  Burst  Kill  Probability  with  Aim  Wander 


For  systems  with  large,  slowly  varying  systematic 
errors  caused  by  solution  imperfections  one  needs  to 
know  how  these  errors  vary  with  the  engagement 
geometry  and  dynamics,  and  the  computation  is  more 
involved.  However,  the  difficult  step  is  obtaining  esti¬ 
mates  of  the  errors.  Once  obtained,  they  can  be  Intro¬ 
duced  to  either  the  simple  analysis  or  the  simulation. 
The  simulation  already  contains  a  sub-routine  for 
computing  effectiveness  of  ptedictors  using  simple 
angular  velocity  times  time  of  flight  algorithms,  and 
other  approximation  algorithms  can  be  similarly 
programmed. 

The  very  large  aim  errors  possible  when  the  target 
flies  accelerated  or  jinking  paths  of  various  types  arc 


easily  evaluated  on  the  simulation,  where  any  type  of 
target  path  can  be  programmed.  In  a  following  section, 
a  simple  analytical  model  for  estimating  Are  unit 
effectiveness  against  a  jinking  target  is  developed  and 
compared  against  simulation  results. 

12.9.2  Variation  of  Targat  Pvojaotad  Araa  with 
Aspect 

For  quick  reference,  Figure  12-12  shows  how  the 
projected  area  of  an  ellipsoidal  target  varies  with  its 
position  along  a  straight  line  flight  path  relative  to  a 
tracking  sensor  or  fire  unit.  The  dimensions  are  ap¬ 
proximately  those  of  the  fuselage  of  a  fighter-bomber. 
In  engagement  kill  computations,  this  area  must  be 
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multiplied  by  the  probability  that  a  hit  causes  a  kill, 
which  in  turn  is  a  function  of  the  weapon  caliber  and 
projectile  characteristics. 

12.9.3  limiting  -ffeet  of  Ammunition  and  Qun 
Dliportion 

The  angular  dispersion  of  a  weapon  and  its  ammu¬ 
nition,  considered  as  an  error  which  is  random  across 
successive  rounds,  places  an  upper  limit  to  weapon 
effectiveness  which  cannot  be  exceeded  by  fire  control 
improvements.  This  limit,  although  trivial  to  compute, 
is  shown  for  reference  in  Figures  12*13  and  12-14. 
The  target  is  assumed  to  be  ellipsoidal,  and  the  varia¬ 
tion  of  its  presented  area  with  position  along  a  passing 


straight  line  path  is  as  depicted  in  Figure  12-14.  The 
head-on  area  of  the  target  is  two  square  meters,  the 
stde-on  area  is  20  square  meters. 

Figure  12-13  shows  the  single  shot  probability  of 
hitting  the  target  in  the  head-on  aspect,  as  a  function 
of  slant  range  and  standard  deviation  of  angular  dis¬ 
persion,  and  Figure  12-14  shows  the  probabilities  for 
the  side-on  aspect.  ‘ 

As  an  example  consider  the  6  x  18  mil  dispersion 
pattern  which  may  be  used  with  Vulcan.  In  the  head- 
on  target  aspect  the  elliptical  pattern  shape  can  be 
represented  as  an  equivalent  circular  dispersion  pattern 
of  about  10  mils.  At  1000  meters,  about  300  rounds 
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Fiflur#  12-12  Variation  of  Projected  Area  of  Ellipaoidal  Target  With  Position  on  Flight  Path 
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Figure  12-13,  Single  Shot  Hit  Probability  on  2  Meter4  Circular  Target  ••  Limited  by  Dispersion 
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per  hit  are  required,  and  if  the  probability  that  a  hit 
produces  a  kill  is  about  0.20,  the  weapon  would  exhibit 
about  I  SCO  rounds  per  kill,  with  no  other  sources  of 
error  present. 

In  the  side  on  aspect,  the  elliptical  shapes  of  the 
dispersion  pattern  and  the  target  interact,  so  that  the 
Vulcan  pattern  is  equivalent  to  a  6  mil  circular  pattern 
at  short  ranges,  approaching  a  10  mil  circular  pattern 
at  very  long  ranges,  A  few  computations  are  indicated 
as  circles  to  indicate  this  effect,  At  1000  meters  in  this 
aspect  only  about  30  rounds  per  hit,  or  150  rounds  per 
kill  are  required,  with  the  Vulcan  pattern. 

To  re-emphasize,  nowever,  Figures  12*13  and  12*14 
represent  upper  limits  of  effectiveness,  depending  only 
on  angular  dispersion,  and  effectiveness  will  always  be 
below  these  values  in  the  presence  of  errors  in  the 
center  of  aim  caused  by  prediction  errors,  and  other 
error  sources. 

The  design  objective,  of  course,  is  to  match  angular 
round  to  round  dispersion  of  a  system  to  the  other 
errors  resulting  from  the  computation  of  gun  orders,  so 
that  system  effectiveness  is  optimized.  Hence  in  concep¬ 
tual  analysis,  dispersion  should  be  considered  initially 
as  a  disposable,  rather  than  a  limiting  parameter. 

On  the  other  hand,  when  the  dispersion  is  known 
for  an  existing  system  it  can  be  used  for  quick  esti¬ 
mates  of  performance  limits  which  cannot  be  exceeded 
by  the  system.  In  most  cases  performance  will  be 
substantially  below  these  limits. 

12.#, 4  Engagement  of  a  Dive  Bombing  Aircraft 

This  section  applies  the  simple  expressions  devel* 
oped  in  Section  12.9,3  to  the  evaluation  of  the  defense 
against  an  aircraft  performing  a  dive  or  glide  bombing 
attack.  The  aircraft  is  assumed  to  approach  at  low 
level,  then  to  'pop  up’  to  an  altitude  from  which  it  can 
acquire  the  defended  ground  target,  and  then  to  make 
an  attack  pass  which  contains  a  short  straight  segment 
during  which  the  attacker  lines  up  his  bomb  sight,  and 
develops  u  solution  to  his  bombing  problem, 

A  simple  model  is  employed  in  which  it  is  assumed 
that 

a.  The  target  path  during  its  firing  pass  is  a  straight 
line  which  can  be  approximated  as  a  radial  line 
through  the  defense  site, 

b.  The  defense  has  a  significant  probability  of  hit¬ 
ting  the  aircraft  only  while  it  is  on  the  straight 
line  segment. 

c.  The  computer  uses  an  algorithm  which  corrects 
for  the  target  acceleration  along  the  straight  line 
segment. 

d.  The  attacker’s  munition  effectiveness  depends  on 
the  munition  release  range.  This  may  be  approxi¬ 
mately  as  the  inverse  of  release  range  squared. 


Under  these  assumptions,  there  will  be  some  release 
range  beyond  which  none  of  the  rounds  fired  by  the 
defense  will  be  effective,  since  settling  time  of  the 
computer  plus  time  of  flight  of  the  first  effective  round 
will  exceed  the  duration  of  the  straight  line  segment. 
This  range  is  an  inverse  function  of  the  average  pro* 
jectile  velocity, 

A  simple  analytical  model  quantifying  these  rela¬ 
tionships  is  now  developed. 

The  sequence  of  events  is  shown  in  Figure  12*  15. 
The  aircraft,  after  preliminary  maneuvers  to  get  into 

rsitlon  for  an  attack  pass,  reaches  a  point  A,  at  which 
begins  a  straight  line  'down  the  chute1  run,  which 
requires  T,  seconds.  It  is  assumed  that  the  defense 
senior  has  acquired  the  target,  by  this  time,  hence  good 
firing  data  is  available  after  settling  time  Tl(  at  which 
point  the  defense  opens  fire.  The  first  round  arrives 
after  a  time  of  flight  tpi. 

The  target  releases  Its  munitions  at  time  T(  from  the 
beginning  of  its  run  at  point  B,  and  begins  its 
breakaway  maneuver.  It  is  assumed  that  the  breakaway 
is  at  high  enough  acceleration  so  that  hit  probability 
after  this  point  is  negligible,  The  last  effective  round, 
therefore  is  the  one  that  reaches  the  target  at  T„  at  a 
range  Db,  and  this  was  fired  at  a  time  T.-t*.  Table  XII* 
4  summarizes  these  events. 

It  can  be  observed  at  once  that  the  effective  firing 
time  of  the  defense  is 

Td"VV‘pb  02.30) 

Consider  the  boundary  condition,  which  according 
to  the  assumptions  states  t’,..it  to  deliver  effective  fire,  at 
least  one  round  must  arrive  at  the  target  based  on 
firing  data  computed  after  the  target  has  settled  to  a 
straight  line  path, 

The  requirement  is  that  time  of  flight  be  less  than 
T,-T|.  if  the  airplane  is  able  to  perform  its  firing  run  in 
six  seconds,  ana  the  computer  requires  two  seconds  to 
settle,  the  maximum  time  of  flight  will  be  four  seconds. 
That  is,  if  the  aircraft  liegins  Tts  breakaway  beyond  a 
range  corresponding  to  4  seconds  time  of  flight,  accu¬ 
rate  aimed  fire  will  not  be  possible. 

More  sophisticated  prediction  modes  are  possible. 
For  example,  the  algorithm  for  ‘defense  of  a  known 
point'  developed  in  the  AFAADS-I  report  requires  ten 
settling  time. 

Simulation  runs  also  indicate  that  at  the  expense  of 
accuracy  on  the  straight  line  segment,  effective  Are  can 
be  delivered  during  the  last  segment  of  the  turn  in  to 
attack,  and  the  initial  portion  of  the  breakaway. 

However,  for  the  straight  tine  segment  only,  Figure 
12*16  shows  the  ‘safe’  breakaway  range  for  the  air¬ 
craft  as  a  function  of  weapon  muzzle  velocity  and 
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Figure  12-15,  Geometry  of  Dive  Bombing  Attack 


cullber.  These  ranges  are  all  so  large  so  that  the  air¬ 
craft  will  have  difficulty  in  locating  its  target  in  the 
first  place,  and  will  be  unable  to  secure  satisfactory 
accuracy  with  unguided  bombs,  It  seems  probable 
therefore,  that  except  when  the  attacker  uses  smart 
munitions  of  one  sort  or  another,  he  will  In  Tact  have 
to  penetrate  the  defense  to  a  release  range  such  that 


effective  fire  can  be  delivered  only  a  portion  of  the 
straight  attack  segment. 

To  obtain  an  estimate  of  defense  effectiveness  when 
breakaway  is  within  the  limit  defined  by  Equation  (12,30) 
assum*  that  single  shot  probability  can  be  written  in  the 
form 
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P*  a2  ♦  2c2D2  +  2o02  tl  +  2(tp/Tt)  +  2(tp/T,)2] 

02.31) 

where 

a  "  target  effective  radius 

a  ■  angular  round  to  round  ammunition  itandard 
deviation 

aQ  ■  itandard  deviation  of  tracking  error 
p0  ■  probability  that  a  hit  produces  a  kill 

For  excellent  radar  or  optioal  tracking  one  can  hope  to  attain 
a0  a  a  (12.32) 


Next  take  advantage  of  Equation  (12.24)  and 
(12.26)  and  estimate  E  by 


E"/P«(*)dt  (12.33) 


It  is  convenient  to  change  the  variable  of  integration 
to  slant  range  D,  using 


dD/dt  ■  *v[  I  +  (dtp/dt)]  ;  v  ■  target  velocity 

(12.34) 


Then  expand  the  integrand  as  a  series  in  t>,  using 
the  following  approximate  expressions  as  a  basis  for 
obtaining  series  in  D1  for  the  time  of  flight  and  projec- 
tile  velocity  terms 

dD/dtp -  v0e-kiD  (12.35) 

tp  •  <D/v0)ektD/2  (12.36) 


where  the  coefficient  k,  may  be  estimated  from  Section 
12.7.1. 

It  is  not  necessary  to  retain  terms  in  the  expansion 
beyond  or  possibly  D1,  and  the  integral  is  then 
readily  obtained  in  closed  form. 

Having  E,  one  obtains  the  kill  probability  over  the 
engagement  from  Equation  (12.26). 

For  a  simple  case  to  indicate  the  form  of  the  result, 
assume  that  the  engagement  occurs  at  a  range  where 


the  D*  terms  dominate  p,„  and  assume  a  constant  shell 
velocity  during  the  engagement,  Then 


E  -  (nVDa) 


(12.37) 

Some  observations  on  the  optimum  value  of  T,  for 
this  case  can  be  made  by  inspection.  If  the  ammunition 
dispersion  is  small,  the  optimum  value  of  T.  will  be 
approximately 

T,  -  <2/3)1  VOyv,)!  (12.38) 

that  is,  reduction  of  error  resulting  from  tracking  error 
is  so  important  in  this  case,  that  2/3  of  the  possible 
firing  time  is  allocated  to  data  averaging,  and  1/3  to 
shooting,  However,  this  is  an  upper  limit;  if  the  opti¬ 
mum  T,  is  computed  from  the  full  form  of  Equation 
(12.31)  the  best  smoothing  time  will  always  be  found 
to  be  less  than  that  given  by  Equation  (12.37). 

The  value  of  average  shell  velocity  is  seen  to  lie 
between  the  first  and  second  power  of  velocity.  If 
angular  dispersion  of  the  ammunition  is  small,  E 
increases  about  as  v,  squared. 

This  simple  model  indicates  therefore,  as  would  be 
expected,  that  system  effectiveness  at  the  longer  ranges 
with  a  well  designed  system  against  a  non-jinking 
target  increases  as  about  the  sauare  of  average  projec¬ 
tile  speed,  all  other  parameters  held  constant. 

As  a  further  example  of  what  one  can  do  with  these 
simple  relations,  assume  a  dive  bomb  attack  in  which 
the  attacker  has  a  6  second  straight  line  segment  just 

Srior  to  weapon  release.  Assume  that  the  defending 
re  unit  requires  2  seconds  to  compute  accurate  firing 
data.  Assume  that  the  defender  will  accept  20%  attri¬ 
tion,  and  that  he  chooses  his  weapons  release  range 
accordingly.  Then  compute  this  weapons  release  range, 
which  is  designated  'standoff  range*. 

A  series  of  fire  unit  characteristics  is  abstracted  from 
Table  VH-6.  It  is  assumed  that  the  Are  control  systems 
in  each  case  have  been  replaced  by  a  Ore  control 
system  of  modern  design,  for  which  the  single  shot 
probability  can  be  described  by  Equation  (12.31).  The 
variance  of  ammunition  dispersion  is  assumed  to  have 
been  adjusted  to  equal  that  of  the  amplification  of 
sensor  noise,  and  to  be  conservative,  some  serial  corre¬ 
lation  of  successive  rounds  is  assumed,  such  that  the 
variance  of  burst  to  burst  aim  error  equals  the  variance 
of  round  to  round  error. 

The  total  firing  time  cannot  exceed  4-t*,  where  t*  is 
the  time  of  flight  of  the  last  round  to  reach  the  target. 
Some  rough  computations  indicate  that  an  average 
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Table  XI!  -4,  Sequence  of  Evanti  in  Dafanaa  Against 
Diva  Bombing 


Event 

Elapsed  Time 

Range  to  Target 

Begin  Attuck 

Pass 

0 

Do 

Computer 

Settled,  Fire 

First  Round 

T. 

Do'vT. 

First  Round 

Roaches 

Turgot 

V«pl 

V  VvVvtpi 

Lust  Effective 

Round  Fired 

r«  ‘  'pn 

D  t  vl 

Uu  lpn 

Lust  Effective 

Round 

Reaches  Target 

Ta 

O  •  U  ■ vT 

U  t>  'll 

time  of  flight  over  the  firing  interval  will  be  about  1,5 
V  The  variance  of  sensor  error  is  assumed  to  equal 
one  half  the  target  linear  extent  in  each  dimension, 
Then  the  expected  number  of  lethal  hits  is  given  by 


t  -  ppc 


r  (4,w  | 

Fv^?J 


(12,39) 


where 

i,  ■  rate  or  fire  of  the  fire  unit  (which  may  mount 
several  guns) 

Pc  -  probability  that  a  hit  causes  a  kill. 

Burst  kill  probability  is  computed  from 


.  |.e‘2E 
Pb  "  1  1  “2T~ 


(12,40) 


Setting  pb  ■  .20,  these  relations  allow  tp,  to  be 
computed.  Then  assuming  excellent  ballistics  for  each 
wcupon,  time  of  flight  can  be  converted  to  slant  range, 


Results  are  shown  in  Table  XII-5,  One  weapon  was 
added  to  those  abstracted  from  Table  VII-6,  a  hypo¬ 
thetical  37  mm  weapon  having  the  same  rate  of  fire  as 
Vigilante,  but  firing  a  sub-caliber  25  mm  round  at 
about  5000  f/s  muzzle  velocity.  Rough  computations 
indicate  that  this  combination  might  be  achieved  at  a 
complete  round  weight  (projectile  plus  discarding  sabot 
plus  propellant  plus  case)  about  equal  to  that  of  the 
3600  f/s  full  caliber  Vigilante  round, 

This  hyper-velocity  weapon  shows  the  best  perform¬ 
ance  in  tne  comparison,  followed  by  the  full  caliber 
Vigilante.  A  weapon  with  ‘Duster1  muzzle  velocity  and 
rate  of  tire  cannot  attain  20%  kill  probability  at  all  in 
this  situation, 

The  provision  of  this  excellent  tire  control  in  all 
cases  except  the  low  performance  40  mm  gun,  forces 
the  attacker  to  release  his  munitions  at  ranges  from 
which  iron  bombing  will  be  relatively  Ineffective.  If, 
instead  of  20%  attrition,  the  attacker  will  accept  only 
5%  attrition  he  is  forced  out  to  still  greater  ranges, 
approaching  those  of  Figure  12-18. 

The  tire  control  system  assumed  is  still  not  the 
optimum  that  can  be  conceived,  More  efficient  sensor 
noise  filtering  is  possible,  and  this  brief  analysis  did 
not  consider  the  trude  between  firing  time  and  settling 
time.  A  full  2-seconds  of  firing  time  against  this  attack 
path  may  possibly  be  gained  by  the  algorithm  desig¬ 
nated  in  the  AFAADS-1  report  as  'defense  of  a  known 
point', 

It  seems  to  be  a  reasonable  conclusion  that  a  modern 
predicted  tire  defense  system  with  well  conceived  and 
Implemented  tire  control  algorithms  cun  inflict  losses 
on  dive/glide  bombing  aircraft  delivering  iron  bombs 
that  will  cause  him  to  abandon  this  type  of  attack. 

The  standoff  ranges  of  Table  XII-5  are  most  sensi¬ 
tive  to  weapon  exterior  ballistics.  For  example,  if  one 
ussumes  not  one,  but  four  20  mm  fire  units,  and 
approximates  their  effect  by  multiplying  the  rate  of  tire 
given  in  the  table  by  4.0,  the  standoff  range  ugainst  a 
20  mm  defense  of  four  tire  units  is  only  Increased  to 
2020  meters,  as  compared  with  1620  meters  for  one 
tire  unit. 

This  suggests  that  the  weapon  caliber  and  muzzle 
velocity  preferred  for  the  defense  are  determined  by 
the  standoff  range  which  it  is  desired  to  achieve,  and 
the  number  of  tire  units  comprising  the  defense  should 
then  be  chosen  to  match  tne  maximum  number  of 
aircraft  expected  to  be  simultaneously  within  the  de¬ 
fense  envelope. 

12,9,8  Engagement  of  Reeling,  Jinking  Aircraft 

Maneuvering  at  the  maximum  acceleration  of  which 
it  is  capable,  a  target  is  unlikely  to  be  hit  by  predicted 
fire  weapons,  However,  any  real  flight  path  is  a  com¬ 
promise  between  the  need  to  execute  a  tactical  mission, 
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Table  XII -5,  Comparison  of  Fire  Unite  Against  Dive  Bombing  Attack 


Caliber 

(mm) 

Rati1  of  (•'Ira 
trpm) 

Muule  Velocity 
(meters/sec) 

Assumed  Terminal  Effect 

CPQ» 

Standoff  Range*1  * 

(maters) 

20 

3000 

990 

0.13 

1620 

23 

4000 

900 

0.20 

1720 

30 

1300 

1080 

0.28 

IB70 

33 

noo 

1173 

0,30 

2140 

37 

3000 

1100 

0.30 

2630 

40 

240 

873 

0,30 

676(J) 

40 

630 

1000 

0.30 

1910 

37 

240 

1000 

0.63 

1343 

37/2J(3) 

3000 

1323 

0,22 

2910 

Notiii:  ( I )  Stundoff  rungo  ii  the  range  ut  which  the  defence  hat  1091  probability  of  destroying  the  target 
(2)  Thin  weapon  cannot  achieve  20%.  the  value  li  for  13% 

_ (2)  Thli  la  a  37-mm  gun  firing  a  23-mm  eubcallber  projectile 

20871.621 


the  desire  of  the  pilot  to  minimize  the  time  he  spends 
within  u  defense  envelope,  und  the  possible  degrada¬ 
tion  of  aim  of  predicted  fire  weapons  by  deliberate 
jinking. 

A  terrain  following  aircraft  will  'Jink'  because  of  the 
variation  in  terrain  contours,  and  some  irregularities  of 
flight  will  be  caused  by  air  turbulence, 

This  section  develops  u  simple  model  for  computing 
engagement  outcome  against  a  passing,  jinking,  air¬ 
craft,  und  compares  the  model  results  with  more  accu¬ 
rate  simulation  results. 

Consider  a  target  jinking  In  a  direction  perpendicu¬ 
lar  to  its  average  flight  direction  according  to  the 
expression 


•p(t)  *  A0e,t  le^p  •  Fp(i.  Ts.  tp>|  (12.43) 
That  Is,  It  will  vary  sinusoidally  as 

ep(0  ■  AomoJ(u,-0>  (12.44) 

where 

U2-  |  oStP  •  Fp(s,  Ta.  tp)|  (12.45) 

For  u  simple  example,  consider  noiseless  tracking 
and  prediction  according  to 


y(t)  ■  A0eiX  ;  s  ■  Jut  (12.41) 

The  transfer  function  of  the  prediction  and  smooth¬ 
ing  algorithm  is 


Fp(s,  T(,  tp)  (12,42) 

Then  the  prediction  error  will  be 
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where 


(12.54) 


Fp  «  H-itp  +  (k/2)»2tp2  (12.46) 

k  ■  0;  corresponds  to  linear  prediction 
k  ■  It  corretpondi  to  quadratic  prediction 

Now  the  maximum  target  acceleration  ii 

Xmax  *  V2  ’  ”R  <l2,47) 

where 

n  *  the  number  of  gravities  of  acceleration. 

We  have 

u2  *  (coifl •  l +(k/2)e2]2  +  tfl  *iin0|2  ; 

0«*wtp  (12.48) 

The  defondor  wishes  to  minimize  this  expression,  which  he 
can  do  for  u  given  value  of  0  by  letting 

k  ■  (1  •  eos0)/(02/2)  (12.49) 


The  square  of  the  maximum  amplitude  of  the  tine 
wave  repreaenting  the  prediction  error  is 


s2  ■  A2u2  ■  4G2m2/04  (12.50) 

whore 

G-(l/2)ngtp2  (12.51) 


The  attacker  wlihei  to  maximize  this  value,  by 
choosing  0,  recognizing  that  the  defender  will  then 
choose  a  minimizing  vbIui  of  k.  That  is,  the  attacker 
chooiea  0  to  maximize  (for  given  maximum  ng), 


s2  •  4G2  |0-iln0)2/e4  (12.52) 

und  this  occurs  at  0  •  *,  10  that 

i(max)  «  (2/n)G  (12.53) 


If  the  period  of  weave  of  the  aircraft  it  Tw 
Tw  ■  (2rr)/w  *  (2ir)tp/0 

and  to  the  best  period  of  weave  for  the  aircraft  la 

Tw  ■  2tp  (12,55) 


Figure  12-17  ahowi  the  maximum  error  amplitude 
in  terms  of  0  at  a  function  of  t,/T»  for  several  values 
of  k,  and  for  the  beat  k  for  each  value  of  t,/T„. 

Since  the  aircraft  it  unlikely  to  be  able  to  match  its 

Period  of  weave  to  time  of  night,  one  can  tee  from 
igure  12*17  that  for  the  case  considered,  the  predictor 
should  use  an  increasing  proportion  of  quadratic  pre* 
diction  as  range  shortens.  For  very  short  ranges,  how* 
ever,  the  effect  of  target  maneuver  is  small,  and  there  it 
little  advantage  in  attempting  to  correct  for  it, 

It  would  therefore  appear  that  there  it  a  time  of 
flight  interval  within  which  significant  advantage  in 
hit  probability  can  be  obtained  by  using  a  correction 
bated  on  target  acceleration,  but  this  correction  should 
not  be  used  at  long  ranges,  and  need  not  be  used  at 
short  ranges, 

In  any  real  system,  F,  will  be  more  complicated  than 
Equation  (12,46)  because  of  the  inclusion  of  the  terms 
to  expreis  the  data  smoothing  process.  For  example, 
one  might  consider 


One  can  then  go  through  the  tame  process  as  dem* 
onstrated  for  Equation  (12.46),  but  optimizing  kt,k„kj. 
One  would  expect  that  the  end  result  would  work  out 
in  about  the  same  way,  but  with  time  of  flight  in* 
creased  by  half  the  smoothing  time,  since  the  effect  of 
smoothing  is  to  delay  all  measurements  by  about  this 
amount. 


In  fact,  some  advantageous  optimization  is  possible,  since 
for  the  simpler  case  of  no  smoothing,  the  error  amplitude  ‘s' 
docs  not  increase  with  t  2  Indefinitely,  but  approaches  a 
mean  value  * 


I  +»(tp  +  T,) 

II  +s(T,/2))2 

.2 


(I  +«V2)]4 


(12.56) 
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RATIO:  TlMI  OS  EUOHT/RI  RIOO  OB  WEAVE 
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Figure  12-17,  Relative  Prediction  Error  venue  Weaving  Target 


*  *  ngtp/w 


for  very  large  t,,  and  this  value  can  be  further  reduced 
by  smoothing  which  would  average  against  high  fre¬ 
quency  weaves.  where 

a  -  average  target  radius 

p,  «  probability  that  a  hit  produces  a  kill 

r  ■  radial  error  in  aim 


To  obtain  a  rough  idea  of  how  system  effectiveness 
may  be  degraded  by  a  weaving  target,  a  simple  analy¬ 
sis  is  worked  through  below,  and  then  compared  with  a 
few  simulation  results, 


o ■  ■*  linear  standard  deviation  of  random  error, 


The  single  shot  probability  is  expressed  as 


For  a  burst  of  about  one  second,  the  error  in  aim 
caused  by  a  weaving  target  can  be  assumed  to  be 
constant  during  the  burst.  The  error  in  aim  caused  by 
tracking  error  can  be  described  statistically  in  terms  of 
two  components,  one  which  can  be  associated  with  the 
random  round  to  round  dispersion  of  the  weapon,  and 
one  which  can  be  assumed  to  be  constant  during  a 
burst  and  random  across  bursts. 


Simulation  runs  with  radar  tracking  and  linear  pre- 
diction  indicate  that  for  all  practical  purposes,  one  can 
treat  this  component  in  a  one  second  burst  as  random 
round  to  round.  A  particular  prediction  algorithm  run 
on  the  sfmulation  with  acceleration  correction  to  up¬ 
date  the  velocity  measurement  to  present  time  in  the 
presence  of  acceleration  indicated  that  the  two  compo¬ 
nents  of  error  were  about  equal.  In  the  present  analy¬ 
sis,  however,  it  is  intended  to  consider  cases  where  the 
error  caused  by  target  acceleration  is  relatively  large, 
and  then  to  add  artificial  random  round  to  round 
dispersion  for  optimum  kill  probability.  In  this  case, 
the  systematic  component  of  prediction  error  caused  by 
sensor  error  (excellent  tracking)  will  be  submerged  in 
the  added  urtlflciul  dispersion. 

It  is  next  assumed  that  the  target  acceleration  results 
from  a  weave  in  a  vertical  plune  through  the  flight 
path,  so  that 


r  ■  G0  coscot  ■  G0  cos  0  i  0  ■  cot 

(12.59) 

whore 

G  ■  1/2  (ng)  |(tp  +  Ts/2)]2 

(12,60) 

und 

0  lx  obtained  from  Figure  12-19. 


If  n,  rounds  are  fired,  the  average  survival  probabil¬ 
ity  of  the  target,  since  the  burst  may  be  fired  at  any 
point  during  the  weave,  is 


where 


<P 


1  r^.-AwA 

It  J0 


(12.01) 


E  ■  npc  At/(At  +  2no2) 

A  ■  fr02c2/(At  +  2rr<?2) 

At  ■  fftt2  (12,62) 


<t>  ■* 


"  cos2  6 


d* 


•e 


.Ee*A/2l0(A/2) 


(12.63) 

and  for  the  same  number  of  rounds,  effectiveness 
would  be  much  higher.  Hence  Equation  (12.61)  is 
conservative. 


For  a  directly  incoming  target  with  vertical  and 
lateral  weave  a  more  complicated  expression  results, 
since  the  effectiveness  depends  on  the  phasing  of  the 
two  components.  This  can  be  worked,  out  will  not  be 
analysed  here, 


To  evaluate  ^  we  now  obtain  an  exact  solution,  then 
an  approximation  which  is  asymptotically  correct  for 
small  and  large  A,  but  the  errors  of  which  have  not  yet 
been  determined. 


Consider  the  integral 

#  -  (2/ff)  f 

This  cun  be  exproisod  as  the  series 


(12.64) 


(I2.6S) 


However  the  evaluation  of  the  series  is  tedious. 

An  alternate  approach  is  to  approximate  I  as 
follows: 


Probability  of  killing  the  target  with  the  burst  of  n 
rounds  is  pb 


Pt,  *  1-0  (12,67) 


Note  that  if  the  weapon  fired  not  a  one-second  burst, 
but  continuously  for  exactly  one  quarter  cycle  of  target 
weave,  we  should  have 


and  ^  has  been  plotted  in  Figure  12-18,  using  Equa¬ 
tion  (12.66),  and  the  parameters  E  and  R  -  E/A,  It 
will  be  remembered  that 
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Figure  12-18,  Burst  Kill  Probability  versus  Jinking  Target 


li  *  npcAj/( A,  +  2rro“) 

A  »  7r(3“ti"/(A,  +  2?ro“) 

und  so 

R  ■  nptfA,/(rrp‘G“)  <l2,hH) 


For  constant  R,  A  is  the  only  parameter  varying  with 
dispersion,  hence  the  maximum  of  the  constant  R 
curves  correspond  to  hurst  kill  probabilities  for  opti¬ 
mum  dispersion,  in  the  case  where  the  dispersion 
pattern  is  circular 


The  maxima  of  Figure  12-18  can  be  observed  to 
occur  at  approximately 


A*  a  K*/R  «  (2)l/:  (.1 2.69) 


This  cun  ulso  be  obtained  from  Equation  (12.26)  via 
the  assumption,  justified  by  Figure  12-18  that  except 
for  p„  close  to  unity,  the  maxima  occur  for  values  of 
AM  small  enough  so  that  Equation  (12,26)  can  be 
approximated  by 
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o  *  c  -M|l  +  (A/2)] 

.  e-RA(l+(A/2)]e*A  (12  70) 


differentiating  with  respect  to  A,  the  optimum  A*  for 
constant  R  is  found  to  be 


A*  »  (2)  1/2  (12,71) 

Then  kill  probability  for  optimum  dispersion,  pb*  is 

pb*  •  I  •  e  -°'587  R  (12,72) 


If  the  target  is  jinking  in  one  dimension,  it  is  -ela- 
lively  inefficient  to  increase  the  dispersion  pattern 
equally  in  two  dimensions.  The  results  already  ob¬ 
tained  can  be  used  to  obtain  an  estimate  of  the  best 
dispersion  in  the  direction  of  the  jinking  and  the 
resulting  burst  kill  probability. 

Assuming  the  target  to  be  circular  (the  shape  is 
irrelevant  when  single  shot  probability  is  small), 


A. 


E  *  np«  [(At  +  2trox2)(At  *  2rroy2)]l/2 


(12.73) 


and  assuming  that  the  target  jinks  in  the  x  direction 
only 

A“A^2;G*-ff0C  (1I74) 

Define 


R,  »  npc(At/Gx)1/2|At/(A,  +  2rro  2)j1/2 


(12.75) 


Comparing  the  two  cases,  we  see  that  with  optimum 
dispersion,  for  a  circular  dispersion  pattern  the  burst 
probability  falls  off  as  0‘  but  If  dispersion  is  opti¬ 
mized  in  the  direction  of  a  one-dimensional  jinking, 
burst  probability  falls  off  only  as  O’1'*.  The  potential 
gain  is  therefore  seen  to  be  very  large. 

Equation  (12.72)  is  compared  with  simulation  results 
in  Figure  12-19.  The  simulation  used  a  ‘tangential' 
prediction  algorithm,  which  together  with  three  mils 
round  to  round  ammunition  dispersion  appears  to 
have  developed  a  fortuitously  good  match  of  random 
and  bias  errors  against  this  jinking  target.  The  jinking 
path  simulated  was  more  complex  than  that  used  in  the 
analysis:  the  aircraft  executed  a  ±0.Sg  lateral  weave, 
out  of  phase  with  a  +0.4g,  -0.2g  vertical  weave.  The 
analytical  computation  assumed  a  maximum  0.3g  ac¬ 
celeration  in  one  dimension.  The  computation  is  for  a 
one-second  burst  of  64  rounds,  target  presented  area  of 
4,0  square  meters,  and  conditional  probability  that  a 
hit  causes  a  kill  of  0.24. 

Having  obtained  some  confidence  in  the  simple  ex¬ 
pression  of  Equation  (12.72)  by  this  means,  it  has  been 
applied  to  the  weapons  set  already  employed  in  Table 
XIl-5,  with  results  shown  In  Table  XII -6. 

Again,  the  assumption  is  that  the  Are  control  systems 
actually  associated  with  each  weapon  were  replaced  by 
an  ‘excellent’  system  using  tangential  prediction,  and  a 
good  match  of  dispersion  against  aim  error  caused  by 
target  maneuver. 

It  was  also  assumed  that  each  weapon  had  ‘excellent’ 
exterior  ballistic  characteristics. 

In  this  comparison  an  'effective  range’  was  defined 
as  that  range  at  which,  for  this  target  aspect,  the 
defense  could  secure  a  5%  kill  probability  with  a  one- 
second  burst.  For  a  passing  course  of  this  type,  the 
weapons  would  probably  be  able  to  fire  for  much 
longer  than  one  second  per  pass,  and  in  fact  effective¬ 
ness  might  be  expected  to  rise  more  rapidly  with 
duration  of  fire  than  given  by  Equation  (12,72),  tend¬ 
ing  to  be  better  represented  by  Equation  (12.63). 


Then 

E*R,A1/2  (12.76) 

Usint;  the  approximation  of  Eq.  ( )  2.70) 


0  .  e-R| A^2(l  +  (A/2)| e  'A 

(12,77) 

The  optimum  A*  Is 

A*  “  0,618 

(12,78) 

uml 

pb*  -  1  .C‘°'555  R1 

(I2.7‘>) 

The  oscillatory  nature  of  kill  probability  against  a 
jinking  target  is  shown  by  the  simulation  results  of 
Figure  12-20,  which  shows  one-second  burst  kill  prob¬ 
abilities  along  a  specific  path  for  two  muzzle  velocities, 
and  a  20  mm  weapon  at  6000  rpm. 

The  results  of  the  one-second  burst  computations 
using  Equation  (12.72)  are  given  in  Table  XII-6,  Note 
that  the  order  of  preference  of  weapons  is  almost 
identical  with  that  of  Table  XII-5. 

The  comparison  against  a  jinking  target  tends  to 
weight  time  of  flight  as  the  fourth  power,  whereas  the 
comparison  against  the  dive  bombing  target  tends  to 
weight  time  of  flight  as  the  square, 


12-33 


SLANT  HANOI  (METE  HI) 


10671 -IBB 

Figure  .2-19  Comparison  of  Analytical  and  Simulation  Estimations  of  Burst  Kill  Probability  versus  Jinking 

Target 


It  will,  of  course,  be  obvious  that  the  two  simple 
models  can  be  written  in  parametric  form,  including 
simple  trade-off  functions  for  weapon  characteristics  so 
that  some  preliminary  and  approximate  weapon  design 
optimization  can  be  done  before  making  extensive 
overull  systems  comparisons, 

12.B.6  Graphical  Estimates  of  8yetem 
Performance  Limits 

The  essential  elements  of  the  two  simple  engagement 
models  cun  be  shown  approximately  but  simply  in 
graphical  form  in  the  following  way: 

If  the  weapon  hres  n  rounds  against  a  target  with 
projected  area  At.  and  radius  a,  it  may  be  considered  to 


have  a  useful  coverage  area  nA„  or  radius  n1'’  a.  For 
the  moment  we  consider  hit  probability  rather  than  kill 
probability. 

For  an  unaccelerated  target,  considering  only  the 
aim  error  resulting  from  prediction  error,  the  aim 
point  may  be  considered  to  fie  in  a  circle  of  area  2  ar 
or  radius  2,,f  a,.  Now  the  simple  expression  Equation 
(12,28)  makes <rc  a  function  of  time  of  flight  onfy. 

Fo'  about  a  20%  probability  that  the  coverage  area 
will  overlap  the  urea  of  uncertainty  of  the  aim  error, 
we  may  plot  2l'J  ov  against  time  of  flight,  and  on  the 
same  graph,  plot  {(5n)‘  *  a]  as  a  horizontal  line  and 
observe  the  time  of  flight  at  which  they  intersect. 
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T«bl*  Xil-8.  Comparison  of  Fir*  Unit*  Agalmt 
Jinking  Target  With  'Optimum'  Firs  Control 


Celiber 

(mm) 

Rite  of  Fire 
(fpm) 

Muule  Velocity 
(meters  per 
second) 

. . — — 

Effective  Rsnge 
(meters) 

20 

3000 

990 

1800 

23 

4000 

900 

2000 

30 

1300 

1080 

2200 

15 

MOO 

M7S 

2600 

37 

3000 

MOO 

3000 

40 

240 

875 

1000 

40 

650 

1000 

2200 

57 

240 

1000 

1900 

37/25 

3000 

1525 

3200 

Msxlmum  tarsat  aooalarotion:  0.3  g 

Target  projected  tree:  4.8  squire  meters 

Effective  Range  Is  defined  ss  that  tenge  it  which  the  Ore 
unit  obtains  i%  kill  probability  with  «  one-second  burst. 
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Thli  hat  been  done  for  n  -  50  in  Figure  12-21,  for 
a  one  meter  radius  target,  two-seconds  smoothing,  and 
simple,  nonoptimum  forms  of  the  expressions  tor  tr, 
for  linear  and  tangential  prediction. 

We  observe  that  we  might  expect  to  attain  209b  burst 
hit  probability  out  to  about  four  sec  time  of  flight  with 
tangential  prediction  and  to  about  15  seconds  time  of 
flight  with  linear  prediction.  For  a  particular  weapon, 
burst  hit  probability  is  converted  to  kilt  probability  by 
multiplying  by  the  appropriate  terminal  effect  proba¬ 
bility,  and  time  of  flight  is  converted  to  range  ny  the 
appropriate  exterior  ballistic  relation. 

One  can  easily  sketch  in  other  curves  for  other 
smoothing  times  and  prediction  algorithms. 

The  same  process  can  be  followed  for  a  Jinking 
target,  as  shown  in  Figure  12-22.  We  now  have  an 
additional  curve:  the  set  of  three  includes  (I)  the 
target  coverage  radius  {(5n),/s  a],  (2)  the  noise  ampli¬ 
fication  error  radius  caused  by  the  prediction  algorithm 
operating  on  sensor  noise,  and  (3)  the  prediction  error 
caused  by  the  target  acceleration  (shown  for  0.3g 
maximum). 

With  linear  prediction  (effect  of  sensor  noise  not 
shown,  hut  identical  with  that  of  Figure  12-21),  the 
prediction  error  caused  by  target  acceleration  is  slightly 


increased  by  the  lag  introduced  by  smoothing  time. 
With  quadratic  prediction,  the  effect  of  target  maneu¬ 
ver  is  essentially  aero  at  lets  than  three  seconds  time  of 
flight,  but  the  noise  amplification  is  so  great  that  it 
causes  an  even  earlier  Intersection  of  tne  coverage 
radius. 

The  use  of  tangential  prediction  produces  a  slight 
reduction  in  the  error  caused  by  target  acceleration, 
and  the  sensor  noise  amplification  radius  is  slightly 
smaller  than  that  of  the  target  acceleration  error. 
Hence  this  prediction  mode  appears  as  a  good  match 
to  the  requirements  of  the  problem,  which  could  be 
further  improved  by  using  a  small  portion  of  addi¬ 
tional  acceleration  correction  so  that  all  three  curves 
would  intersect  at  about  the  same  time  of  flight  point. 

For  this  magnitude  of  target  maneuver,  the  curves 
sketched  indicate  that  20%  hit  probability  with  50 
rounds  could  only  be  maintained  out  to  about  three 
seconds  time  of  flight. 

These  sketches  cannot  be  used  to  substitute  for  more 
accurate  computations,  but  they  do  serve  to  indicate 
what  is  involved  in  attempting  to  extend  system  effec¬ 
tive  range.  In  the  presence  or  target  jinking  the  domi¬ 
nant  role  of  time  of  flight  is  clear. 

Varying  the  weapon  dispersion  only  allows  the  indi¬ 
cations  of  these  curves  to  be  approached,  but  not 
exceeded. 

12,10  NIBD  FOR  VALIDATION  OF  MODBLS  BY 
BXFBRIMBNT  AND  COMBAT  DATA 

Complex  and  useful  simulations  are  available  for 
evaluating  predicted  Are  systems,  in  addition  to  the 
simple  models  presented  in  previous  sections.  The 
major  deficiency  of  the  evaluation  process  appears  to 
be  in  the  absence  of  valid  data  with  which  to  load 
them.  Data  requirements  include  the  following: 

12.10.1  Target  Path  Btatlatioa 

Even  the  simple  analytic  models  of  this  report  indi¬ 
cate  how  sensitive  the  evaluation  of  system  perform¬ 
ance  is  to  assumptions  about  how  long  an  attack 
aircraft  is  likely  to  fly  a  straight  line  path  in  weapons 
delivery,  and  what  kind  of  irregular  flight  paths  may 
result  from  terrain  following,  deliberate  Unking,  weap¬ 
ons  release  with  ‘free-maneuver’  bomb  sights,  etc.  This 
information  is  a  basic  requirement  Tor  any  definitive 
weapons  evaluation  and  comparison. 

12.10.2  Ingagament  Btatlatioa 

In  addition  to  target  path  data,  experimental  infor¬ 
mation  it  required  on  the  timet  required  to  perform 
the  many  functions  associated  with  target  detections, 
acquisition,  and  system  operation.  These  can  be  esti¬ 
mated,  but  estimates  have  low  validity  until  they  are 
confirmed  by  operational  measurements,  with  particu- 


12-35 


DISTANCE  MOM  MIDPOINT  IMETtRSI 


70871  790 

Figure  12-20.  Simulation  Demonitratlon  of  Effect  of  Muizle  Velocity  on  Buret  Kill  Probability  vereui  Jinking 

Target 


lar  attention  given  to  probable  degradation  in  a  com¬ 
bat  environment. 

12.10.3  Overall  Performance  Validation 

It  has  been  noted  Frequently  in  this  report  that 
estimates  oF  the  effectiveness  oF  the  prediction  algo¬ 
rithms  of  a  predicted  fire  uir  defense  system  tend  to 
dominate  the  comparison.  A  number  of  different  sets 
of  algorithms  are  used  in  existing  predicted  Are  sys¬ 
tems,  several  of  these  systems  have  been  tested  in  the 
United  States  and  NATO,  and  presumably  overall 
effectiveness  data  exists  which  could,  with  some  effort, 
be  put  into  a  common  Form  to  observe  whether  in  real 
life  there  is  any  observable  difference  resulting  From 
the  process  of  computation,  or  whether  the  effective¬ 


ness  of  all  systems  is  dominated  by  the  characteristics 
of  the  target  path. 

A  partial  list  of  current  predicted  Are  systems  is 
given  in  Table  X1I-7.  It  is  recognized  that  test  condi¬ 
tions  will  vary  widely.  The  possibility  that  direct  .com¬ 
parison  will  not  be  possible  should  not,  however,  pre¬ 
vent  an  effort  to  assemble  the  data  and  compare  it,  One 
will  at  least  obtain  some  idea  of  parametric  ranges  and 
capabilities  to  be  exceeded  in  new  systems. 

The  off-carriage  systems  are  included,  not  because  it 
is  recommended  that  the  U.S.  consider  off-carriage 
solutions,  but  because  a  wider  variety  of  prediction 
algorithms  and  methodologies  For  their  realization  can 
be  sampled  by  their  inclusion. 
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Figure  12>21.  Graphical  Eatimation  of  Performance  Limit  Againat  Unaccelerated  Target 


ROUNDS  (METERS) 


201 7 1  201 


Figure  12-22.  Graphical  Eatlmatlon  of  Performance  Limitation  Againat  Jinking  Target 
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Tab)*  XII-7.  Partial  List  of  Suggaatad  Fir*  Control 
Syatema  for  Comparative  Analyaia  and  Evaluation 


On-Ctrrli|t  Syitimi 

Off-C*rrl»|»  Sytttmi 

Vuiein  Oyroil|ht 

Otrlikon  Skypiird 

Vigilante 

Frtnoh  TPC  Typt  40  md 

later  vartlont 

Otrlikon 

Franch  SAMM  on  AMX  30 

NtthtrUndi  IAIS 

Gililto  P36  tnd  P36 

Italian  NA9 
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SECTION  13 

ESTIMATION  OF  SYSTEM  EFFECTIVENESS 


In  comparing  predicted  fire  air  defense  systems  on 
an  overall  systems  oasis,  two  considerations  deserve  special 
attention,  these  are: 

a.  The  predicted  Are  system  operates  as  a  part  of  a 
larger  air  defense  system.  The  complete  air  de¬ 
fense  system  includes  surface  to  air  missiles,  each 
Are  unit  of  which  provides  defense  over  a  large 
area.  The  purpose  of  the  short  range  predicted 
Are  systems  is  to  All  in  low  altitude  gaps  in  the 
defense  and  to  strengthen  the  overall  defense  of 
vital  areas,  Hence  the  maximum  altitude  cover¬ 
age  required  of  the  predicted  Are  defense  is 
roughly  deAned  by  the  minimum  tMtitude  capa¬ 
bility  of  the  area  missile  defense  Its  maximum 
effective  range  objective  is  related  to  the  intersec¬ 
tion  of  the  local  terrain  mask  projected, 
with  the  low  altitude  coverage  limit  of  the  mis¬ 
siles. 

b.  There  is  a  strong  (Arst  order  effect)  interaction 
between  defense  effectiveness  and  tactics  and 
munitions  used  by  the  attacker.  A  strong  local 
defense  forces  the  attacker  to  compromise  be¬ 
tween  his  desire  to  close  with  his  target  for  high 
delivery  accuracy,  and  the  aircraft  loss  rate  that 
he  Is  willing  to  accept. 

We  next  consider  the  measures  of  mission  success  in 
view  of  this  second  factor. 

13.1  MfABURCS  OP  MISSION  IUCCIS8 

In  its  air  defense  role  the  measure  of  success  of  an 
air  defense  system  is  the  degree  of  protection  it  pro¬ 
vides  for  the  vital  areas  and  friendly  units  under  its 
protection.  There  are  many  historical  examples  of 
antiaircraft  gun  defenses  having  suAlcient  effectiveness 
so  that  enemy  attacks  were  held  off  to  ranges  at  which 
enemy  weapons  were  relatively  Ineffective,  and  cases 
were  antiaircraft  defenses  caused  the  termination  of 
enemy  attacks  on  the  defended  targets. 

In  World  War  II  British  merchant  vessels  in  the 
Mediterranean  were  armed  with  antiaircraft  guns.  Tha 
guns  shot  down  only  4%  of  the  attacking  aircraft. 
However,  in  terms  of  merchant  vessels  subjected  to  low 
level  attacks,  antiaircraft  Are  had  the  affect  shown  in 
Table  XIII- 1. 

The  payoff  was  in  survival  of  the  defended  target. 

In  Korea,  the  anti-rail  interdiction  campaign  of  the 
UN  was  curtailed  by  antiaircraft  guns  placed  along  the 
track.  Although  losses  rates  per  sorties  were  low  by 
WW-I1  standards  they  exceeded  the  capability  of  the 
UN  forces  to  maintain  the  campaign  with  the  limited 
number  of  available  tactical  bombers. 


In  World  War-II  operations  of  the  9th  Air  Force  it 
was  found  that  in  B-26  attack!  on  bridges,  only  2%  of 
the  bridge*  attacked  were  destroyed  when  defended  by 
flak,  compared  with  20%  when  flak  wae  not  preient. 
Moreover  28%  of  alt  bridges  attacked  were  missed  com¬ 
pletely  when  defended  by  flak,  compared  with  3%  being 
completely  missed  in  the  absence  of  flak.  About  25% 
of  the  aircraft  axpoted  to  flak  were  damaged  by  it 
and  70  to  90%  of  the  damage  occurred  in  the  target 
area. 

An  effective  air  defense  against  day  dive  or  glide 
bombing  may  be  countered  by  night  attacks  or  by  the 
use  of  atana-nff  missiles.  Doth  of  these  enemy  re¬ 
sponses  are  more  costly  to  him.  Even  though  the 
immediate  defense  effectiveness  measured  in  aiveraft 
destroyed  may  have  been  reduced,  the  reduction  in 
enemy  force  capability  (not  ail  tactical  bombers  and 
fighter-bombers  will  have  night  and  all  weather  capa¬ 
bility;  the  payload  in  terms  of  warhead  weight  is  less 
for  two  standoff  missiles  than  for  an  equal  weight  of 
iron  bombs)  may  be  comparable  to  that  which  would 
have  been  achieved  in  terms  of  destroyed  aircraft  if 
the  enemy  had  not  resorted  to  the  more  expensive 
option. 

These  considerations  are  difficult  to  Introduce  with¬ 
out  complicating  the  analysis.  They  must,  however  be 
included  in  the  measures  of  mission  success. 

One  method  of  exposing  the  relationship  between 
the  effectiveness  of  the  defense  in  protecting  the  de¬ 
fended  target  and  the  losses  inflicted  on  the  attacker  is 
to  include  terms  in  the  capability  vector  which  extract 
these  measures  separately,  They  can  then  be  compared 
and  a  judgement  made.  Iterations  of  the  computation 
can  be  made,  changing  tactics  of  attacker  and  defender 
to  observe  the  degree  to  which  the  comparison  may 
vary  with  such  tactical  options  as  the  number  and 
sequence  of  enemy  attacks,  the  munitions  release 

Teble  XIII-1.  Effect  of  Antiaircraft  Defense  of  Ships 


Outcome  i 

Situation 

AA  Ouni 

AA  Ouni 

tired 

not  fired 

%  of  bombi  dropped 
whk-h  hit  ihlp 

875 

1375 

%  of  Hhlpt  lunk  of 
thow  attacked 

1075 

25% 
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i  .mac*,  etc.  and  the  number  of  tire  unit*  and  rounds 
tired  at  varying  ranges  by  the  defense. 

In  the  case  of  low  level  fly-by  enemy  passes  with 
laydown  or  retro  weapon  delivery,  the  attacker’s  op¬ 
tions  may  be  more  limited  than  in  the  case  of  dive 
bombing  (where  release  range  is  optional,  as  are  the 
approach  tactics  prior  to  weapon  release). 

To  obtain  a  rough  idea  of  what  attrition  rates  may 
cause  an  enemy  to  change  his  mode  of  attack,  we 
consider  some  historical  data. 

13.2  ACCEPTABLE  L088  RATES45 

Materiel,  tactical,  and  psychological  considerations 
affect  the  sustained  attrition  rates  that  a  tactical  air 
force  commander  is  willing  to  accept.  One  considera¬ 
tion  is  the  rate  at  which  lost  aircraft  are  being  re¬ 
placed,  In  World  War  II,  the  8th  Air  Force  accepted  a 
sustained  loss  rate  of  bombers  of  5-7%  per  sortie  for 
month  after  month  when  the  resupply  rate  of  new 
aircraft  was  1.7  times  the  loss  rate,  However  when 
losses  exceeded  about  10%  per  sortie,  missions  were 
curtailed  until  lighter  escort  could  be  provided. 

The  Luftwaffe  attacks  on  England  In  the  Battle  of 
Britain  were  halted  by  a  loss  rate  of  less  than  5%,  with 
a  resupnly/loss  rate  ratio  of  less  than  1.0,  but  the  RAF 
was  ante  to  muintain  its  defense  with  a  loss  rate  of 
about  4%  per  sortie,  and  a  resupply/loss  ratio  of 
slightly  over  1,0.  The  British  Bomber  Command  cur¬ 
tailed  operations  against  Germany  when  it  experienced 
u  loss  rate  of  about  9%  per  sortie  with  a  resupply/ loss 
rutlo  of  slightly  over  1.0. 

In  the  Korean  War,  a  short  term  loss  rate  of  2.6% 
experienced  by  the  B-26  aircraft  with  negligible  re¬ 
placement  prospect  (the  production  line  had  been 
phased  nut)  caused  this  aircraft  to  be  taken  off  opera¬ 
tions  until  new  tactics  could  be  devised. 

It  was  determined  by  the  British  that  high  sustained 
loss  rates  h  id  severely  degrading  effects  on  crew  mo¬ 
rale  and  combat  effectiveness,  regardless  of  replace¬ 
ment  rates.  \t  10%  losses  per  sortie,  the  missing  places 
at  the  Squadron  mess  have  an  understandable  effect  on 
the  survivms. 

Aside  from  morale,  for  a  force  with  F  aircraft,  a 
sortie  rate  of  S  sorties  per  aircraft  per  day,  a  loss  rate 
of  k  aircraft  per  sortie,  and  a  replacement  rate  of  p 
ulrcraft  per  aircraft  lost,  the  force  size  changes  at  a 
rate 

dF/dt  ■  FSMf-D  (13.1) 


When  ii  <  1.0  the  commander  is  forced  to  consider 
how  long  he  can  sustain  operations,  He  is  more  likely 
to  project  his  current  loss  and  replacement  rates  lin¬ 
early  than  to  integrate  Equation  ( i  3. 1 ),  and  so  he  can 
look  forward  to  a  total  of  about 


Scum  “  IMm  •  UJ  *  sorties  per  aircraft  (13  2) 

In  Figure  13-1  a  boundary  has  been  drawn  for  S,um 
«  200  sorties,  a  second  boundary  has  been  sketched 
estimating  performance  degradation  resulting  from  the 
psychological  effect  of  losses,  and  the  estimated  data 
points  for  combat  operations  cited  have  N»een  indi¬ 
cated. 

13.3  SOME  COST  CONSIDERATIONS  OF 
TACTICAL  AIR  OPERATIONS 

At  one  time  U.S.  defense  planning  was  popularly 
credited  with  attempting  to  get  ‘more  bang  per  buck'. 
Presumeably  the  other  side  is  attempting  to  produce 
‘more  rubble  per  ruble*  and  this  involves  a  considera¬ 
tion  of  what  tactics  to  use  to  obtain  a  favorable  trade 
of  resource  consumption  against  military  effectiveness. 

It  bus  been  noted  that  almost  all  meuns  for  overcom¬ 
ing  an  air  defense  system,  or  reducing  its  effectiveness 
impose  additional  costs  on  the  attacker.  One  might 
work  out  a  set  of  states  describing  the  condition  of  the 
enemy  air  force  as  indicated  in  Figure  13-2,  and 
combine  it  with  the  complementary  states  of  the  air 
defense  system  to  achieve  an  overall  defense/attack 
analysis.  This  is  beyond  the  scope  of  the  present  study, 
especially  since  to  be  done  properly,  it  would  require 
that  all  components  of  the  air  defense  system  be 
included. 

We  note,  however,  a  Tew  measures  of  cost  to  the 
attucker,  us  a  basis  of  reference.  Costs  are  expressed  In 
U.S.  dollars  and  drawn  from  U.S.  experience  for  obvi¬ 
ous  reasons. 

Consider  aircraft  lost  und  damage  to  aircraft  which 
survive.  Given  a  hit  on  an  uircruft,  damage  or  loss  may 
occur  in  various  categories,  as  sketched  in  Figure  13-3, 
which  indicates  roughly  how  these  might  vary  with  the 
caliber  of  the  impacting  weapon. 

The  two  loss  categories  are  important  to  the  defense 
analysis,  since  immediately  observed  kills  allow  conser¬ 
vation  of  ammunition.  Considering  the  damage  cate¬ 
gory  ‘replacement  of  a  major  component’,  one  might 
estimate  that  on  this  average  the  associated  cost  would 
not  exceed  about  0.3  times  the  cost  of  a  new  aircraft. 
Lesser  degrees  of  damage  would  incur  relatively  small 
cost  increments,  The  cost  of  a  lost  aircraft  might 
therefore  be  multiplied  by  about  1.5  Tor  an  upper  limit 
to  the  total  cost  associated  with  a  hit.  The  reduction  in 
force  effectiveness  caused  by  time  lost  in  damage  re¬ 
pair  depends  on  the  resupply  rate  of  new  aircraft,  and 
replacement  parts  for  damaged  aircraft.  In  general,  it 
is  doubtful  that  this  is  of  flrst  order  significance, 

Similarly,  the  non-availability  of  personnel  because 
or  Injuries  probably  is  probably  a  second  order  effect, 
compared  with  the  personnel  losses  in  crashed  aircraft. 
Figure  13-4  shows  the  time  lost  from  duty  by  Air 
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Figure  13-1.  Lon  Rate*  In  Sustained  Operations 


! 


Force  bomber  personnel  in  World  War-ll,  aa  a  result  a  factor  of  10/ 1  over  Iron  bombs,  if  only  sophisticated 
of  strikes  by  antiaircraft  shell  fragments.  uir  to  surface  missiles  were  carried. 


Operational  costs  of  U.S.  aircraft  per  sortie  in 
Southeast  Asia,  derived  from  unclassified  sources,  are 
indicated  in  Table  XHI*2,41 

For  fighter-bombers  (averaged  over  all  types),  the 
munitions  cost  (iron  bombs)  works  out  at  about  50 
cents  per  pound  and  is  a  small  part  of  the  sortie  cost, 
However,  in  Table  XII1-3  an  attempt  has  been  made  to 
guess  how  this  cost  might  increase  with  the  provision 
of  more  sophisticated  munitions,  With  more  time,  this 
comparison  could  be  done  accurately,  but  the  present 
purpose  is  to  suggest  that  sortie  costs  could  escalate  by 


It  is  doubtful  that  an  intermediate  range  standoff 
missile  can  be  built  for  as  little  as  SIS  per  pound. 
However,  the  delivery  aircraft  would  presumeably 
carry  less  total  payload  in  missiles  than  if  it  were 
carrying  iron  bombs, 

The  AX  aircraft,  for  example  (A-9A  version)  is 
reported0  to  have  the  capability  of  carrying  18  Mk82 
500  lb  bombs  or  6  to  8  Maverick  missiles.  The  cost  of 
the  simple  Bullpup  missile  has  been  worked  down 
from  $4,000  each  to  about  52,000  each  over  many 
years  of  production,0  but  at  the  other  extreme  of 
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sophistication411,  open  sources  have  indicated  a  price  of 
over  $200,000  per  missile  in  early  production  Tor  the 
long  range  Condor  air  to  surface  missile, 


13.4  COMBINING  SUB-MODEL  ESTIMATES 


Most  of  the  components  of  the  complete  system 
effectiveness  estimation  have  now  been  developed  in 
prior  sections.  The  methods  of  Section  10  lead  to 
estimates  of  the  availability/dependability  product  of 
the  WSEAIC  structure,  i.e„  the  probability  that  the 
system  will  be  in  one  of  its  possible  operational,  or 
non-operational  states  at  and  during  the  brief  combat 
stales. 


Prom  Section  1  i,  one  can  obtain  an  estimate  of  the 
fraction  of  available  targets  that  each  Are  unit  will  be 
able  to  engage  as  limited  by  its  rate  of  ammunition 
expenditure  and  its  reload  rate, 


Prom  Section  12,  one  can  develop  the  probability 
that  each  Are  unit  will  destroy  a  target,  once  it  engages 
it,  provided  that  the  environmental  parameters  are 
defined,  and  the  target  tactics  made  specific. 


The  number  of  combinations  of  environmental  and 
tactical  parameters  that  can  be  laid  out  as  important 
for  evaluation  is  extremely  large,  and  results  are  so 
critically  dependent  on  judgemental  assumptions  that  it 
seems  to  be  unnecessarily  misleading  to  attempt  to  take 
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Flour*  13-3,  Relative  Damage  and  Daatruotion  From  Projaotlla  Impaot 


some  kind  or  weighted  average  of  system  effectiveness 
over  all  sets  or  parameters. 

It  is  suggested  that  a  more  reasonable  procedure  is 
the  following: 

u.  Estimate  the  most  likely  and  effective  modes  of 
enemy  attack  ir  there  were  no  AFAADS  defense, 

b.  Estimate  AFAADS  effectiveness  against  these 
modes  of  attack,  and  attempt  to  raise  the  defense 
effectiveness  to  a  level  where  the  enemy  must 
resort  to  a  more  costly  attack  mode. 

c,  Estimate  AFAADS  effectiveness  against  this  next 
level  of  enemy  options  and  attempt  to  farce  him 
to  a  still  more  costly  attack  means,  still  maintain¬ 
ing  the  capability  against  the  least  expensive 
mode. 

In  fact,  once  one  has  gone  through  the  availability 
(RAM)  estimation,  assessed  the  interaction  of  reload 
rate  and  rate  of  lire  against  plausible  strike  patterns, 
and  computed  a  set  of  engagement  results  far  a  repre¬ 
sentative  set  of  combinations  of  enemy  attack  modes 
and  visibility/weather  conditions,  the  set  of  candidate 
systems  will  have  been  markedly  reduced,  and  perhaps 
the  preferred  system  choice  will  already  be  evident, 

It  remains,  however,  to  arrange  the  results  in  an 
orderly  fashion,  and  this  is  facilitated  by  combining 
the  results  of  the  sub-model  computations. 


Befare  outlining  how  this  might  be  done,  we  first 
digress  to  deal  with  the  matrix  computation  of  effec¬ 
tiveness  by  the  WSEAIC  model  (for  each  tactical 
situation),  and  indicate  why  further  matrix  multiplica¬ 
tion  of  availability  and  dependability  across  a  capabil¬ 
ity  vector  is  probably  an  unnecessary  refinement. 

13,6  SIMPLIFICATION  OF  COMPUTATION 

The  WSEAIC  scheme  suggests  that  one  may  com¬ 
pute  effectiveness  E  as 

E  -  ADC  (13.3) 


where  AD  is  the  probability  vector  that  the  system  will 
be  available  and  continue  to  operate  in  each  or  its 
possible  operational  modes,  including  modes  of  de¬ 
eded  operation,  in  the  combat  state  and  C  is  a  vector 
escribing  system  capability  in  each  mode. 

As  an  example  of  how  this  works  out,  the  probabili¬ 
ties  of  various  operational  and  inoperative  states  for 
the  combat  phase  of  an  operation  have  been  extracted 
from  Table  X-5,  and  are  listed  in  Table  XIH-4.  Also 
shown  are  some  estimated  capability  figures.  These 
might  be  considered  to  be,  far  example,  'probability  of 
destroying  an  aircraft  in  a  specified  attack  mode  and 
operational  environment'  in  each  of  the  system  opera¬ 
tional  modes. 


30871-303 


Figure  13-4.  Casualties  and  Time  Lost  From  Duly  Duo  to  Flak  Injuries 


These  two  columns  are  the  AD  and  C  vectors  of  the 
WSEIAC  type  of  effectiveness  computation,  and  one 
obtains  an  overall  effectiveness  estimate  by  multiplying 
corresponding  terms  and  summing. 

The  first  thing  to  note  is  that  one  gets  almost  all  of 
the  final  result  from  the  'all-up  state*.  The  other  possi¬ 
ble  degraded  modes  contribute  a  total  of  only  .03  out 
of  a  total  ‘effectiveness’  of  .44.  In  view  of  the  many 
uncertainties  and  unknowns  in  estimating  both  availa¬ 
bility  und  capability,  it  hardly  seems  worth  while  to 
devote  time  to  computing  the  contribution  to  average 
effectiveness  of  performance  in  degraded  modes  of 
operation. 


This  conclusion  would  be  different  if  the  all-up 
mode  had  a  lower  probability  of  occurrence  than  one 
or  more  of  the  degraded  operational  modes.  But  this 
would  be  an  unsatisfactory  system  from  a  military 
point  of  view  and  should  probubly  not  be  accepted 
regardless  of  its  effectiveness  when  operational.  If,  in 
fact,  the  system  developed  most  of  its  effectiveness 
from  degraded  mode  operation,  and  its  acquisition  was 
required  because  there  was  no  alternative,  one  might 
be  better  off  to  remove  the  high  failure  rate  subsystem 
entirely  and  plan  on  making  the  previous  secondary 
mode  a  primary  mode,  In  World  War  II,  40-mm 
antiaircraft  gun  units  left  their  off-carnage  fire  control 
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Table  XIII -2.  Estimated  Coate  par  U.S.  Sortie  in 
Vlatnam 


Alrwrufl  Type 

U-S2 

i- Itfh  tur-Uumbcr 

Munitions 

Cost  per  Sortie 

$24,000 

$2,200 

Tons  per 

Sortie 

2H 

3.2 

Munitions 

Cost  per 

Ton 

$H$0 

$  1 .000 

Other  Costs 
per  Sortie 

$20,000 

$11,400 

Total  Costs 
per  Sortie 

Average  A/C 

Unit  Cost 

$44,000 

$1  1,600 

$3,000,000, 
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systems  at  the  docks  und  went  into  action  with  simple 
on-carriuge  open  sights, 

A  second  observation  from  Table  X1IM  is  that 
capability  is  not  assumed  to  degrade  more  than  25% 
on  loss  of  the  surveillance  rudar,  on  the  assumption 
that  the  tracking  radar  can  partly  nil  in  for  it,  If  these 
numbers  were  obtained  from  analysis  instead  of  as¬ 
sumption,  one  would  then  have  to  inquire  very  care¬ 
fully  into  the  question  of  whether  the  cost  of  the 
surveillance  radar  justified  the  25%  increase  in  capabil¬ 
ity  associated  with  it. 

It  is  suggested  that  the  availabllity/dependabllity 
analysis  should  be  done  with  some  care  to  insure  that  a 
system  being  evaluated  does  in  fact  have  a  high  proba¬ 
bility  of  operating  in  an  ‘all-up'  state,  in  addition,  the 
ability  to  operate  in  degraded  modes  should  be  de¬ 
signed  into  the  system  to  a  reasonable  extent.  Once 
these  requirements  have  been  met,  however,  systems 
may  reasonably  be  compared  against  each  other  in 
terms  of  the  single  elements  of  the  ADC  matrices 
corresponding  to  tnc  fully  operational  mode. 

We  next  consider  what  combinations  of  tactical/ 
operational  parameters  should  he  evaluated. 


13.5  DISCU8SION  OF  TACTICAL/OPERATIONAL 

PARAMETERS 

This  section  discusses  some  of  the  tactical  and  envi¬ 
ronmental  parameters  and  variables  which  should 
properly  be  considered  in  a  system  evaluation.  Any 
analytical  or  simulation  model  which  includes  all  of 
these  considerations  is  likely,  in  the  present  state  of  the 
art  of  simulation  fabrication,  to  cost  almost  as  much  to 
develop  as  the  construction  of  a  prototype  Are  unit. 
Hence  the  object  of  the  initial  survey  is  to  attempt  to 
devise  a  judgemental  basis  for  ordering  situations  in 
priority  of  consideration,  and  to  indicate,  if  possible, 
how  much  of  the  evaluation  can  be  usefully  performed 
by  economical  simulations  and  analyses,  and  how 
much  by  common  sense. 

13.8.1  Nature'!  Option! 

Visibility  state  space  transitions  between  day  and 
night  occur  with  predictable  reliability.  A  brief  survey 
of  the  unclassified  descriptions  of  Soviet  und  U.S. 
tactical  aircraft  capabilities  indicates  that  Soviet 
lighter-bombers  and  possibly  light  bombers  as  well, 
assess  only  limited  night  attack  capability  at  present, 
ut  that  U.S.  aircraft  (and  helicopters)  have  sophisti¬ 
cated  und  expensive  fire  control  systems  for  acquiring 
and  attacking  targets  ut  night.  Tne  U.S.  development 
has  of  course  been  accelerated  by  combat  requirements 
in  Korea  and  Vietnam,  Soviet  acquisition  or  an  equiva¬ 
lent  operational  capability  is  a  mutter  or  priorities 
rather  than  technology,  however  the  Immediate  threat 
from  Communist  Bloc  strike  aircraft  is  of  major  mag¬ 
nitude  by  day,  und  currently,  muy  be  of  substantially 
reduced  magnitude  in  tuctical  operations  by  night. 

This  probable  disparity  in  effectiveness  of  equipment 
of  U.S.  and  communist  tactical  aircraft  extends  into 
adverse  weather  operations  both  by  day  and  night. 
Even  with  the  sophisticated  equipment  on  board  U.S. 
aircraft,  the  frequent  references  to  weather  problems 
noted  in  press  reports,  and  cited  in  the  accompanying 
Analysis  volume  on  this  contract  indicates  that  weather 
is  t  major  problem  for  the  U.S.  as  well, 

Table  XIU-5  indicates  combinations  or  visibility  and 
weather  which  might  be  considered  in  an  analysis,  in 
four  categories  of  priority  A,B,C,D,  with  A  represent¬ 
ing  highest  priority, 

Day/ Clear  Weather  represents  the  highest  priority, 
und  tne  provision  of  an  effective  defense  for  this  state 
denies  an  enemy  the  use  of  hii  most  numerous,  least 
expensive,  und  most  effective  (In  the  absence  of  air 
defense)  aircraft. 

13.5.2  Enemy  Optional  Aircraft,  Munition*,  end 
Delivery  Tootles 

Table  XIII-6  Indicates  some  or  the  enemy  options 
with  regard  to  aircraft,  munitions  types,  and  deli/ery 


Table  XIII-3.  Estimate*  of  Coats  per  Sortie  by  Monitor  Type 


Costs 


Munition!  Ty  pei 


Iron  bombs 

Smart  Bombs 

Short  Range 

Missiles 

Intermediate 

Long  Range 

Missiles 

Munitions 

Cost  per 

Pound 

*0.30 

$1.30 

$3,00 

$  1 5.00 

Munitions 

Cost  per 

Sortie 

$3,200 

$9,600 

$32,000 

$96,000 

Other  Costs 
per  Sortie 

*8,400 

*8.400 

*6,400 

*8,400 

Total  ( ost 
pci  Sortie 

*11,600 

$I8,OUO 

*40.400 

*104,400 
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meuns.  Only  non-nuclear  munitions  are  considered  in 
the  present  study. 

All  of  the  munitions  types  and  delivery  modes  ran 
he  employed  by  either  day  flgliter/bombers  or  all 
weather  airc  raft.  However,  the  comments  regarding  the 
comparative  numbers  and  costs  of  the  two  aircraft 

Env-ide  in  the  prior  section  apply  here.  The  major 
■enre  in  evaluation  is  in  (he  requirement  for  night 
and  all  weather  capability  of  the  defense  sensors  to 
deal  with  the  ‘all  weather’  aircraft,  and  aircraft  with 
night  operaiional  capability. 

Priorities  for  analysis  are  based  on  the  assumpdon 
that  the  first  objective  is  to  deny  the  enemy  the  use  of 
his  lowest  cost  munitions  and  most  accurate  delivery 
means,  Until  the  last  Tew  months,  stand-off  missiles 
were  a  second  priority  on  a  cost-effectiveness  argu¬ 
ment,  but  it  now  appears  that  laser  directed  and 
image-homing  missiles  have  attained  an  operational 
capability  against  small,  vital  targets  which  make  them 
a  first  priority  attack  mode  even  against  undefended 
targets. 

There  has  been  no  opportunity  to  observe  a  Commu¬ 
nist  block  capability  with  stand-off  missiles  in  actual 
combat,  and  the  assessment  of  the  Intelligence  commu¬ 
nity  regarding  existence  or  development  of  such  a 
capability  must  be  relied  upon  to  establish  a  time¬ 
phasing  of  this  threat 


It  appears  therefore,  thut  each  of  the  first  priority 
options  in  Table  XIII-6  must  be  considered  in  a  de¬ 
fense  unalysis,  with  the  ground  rule  that  the  attacker 
will  use  whatever  munitions  and  delivery  mode  will 
give  him  the  highest  probability  of  destroying  the  ■" 

targets  he  attacks  at  acceptable  cost  to  him. 


One  way  of  penetrating  a  defense  effectively  is  to 
saturate  it.  The  Eight  Air  Force  whs  able  to  carry  out 
daylight  bombing  over  Germany  by  putting  so  many 
bombers  in  a  raid  that  percent  losses  were  acceptable 
even  though  German  fighters  shot  down  the  same 
number  of  bombers  whenever  weather  permitted  them 
to  intercept  a  raid.  Even  though  antiaircraft  guns 
inflicted  about  a  constant  percent  attrition  regardless 
of  raid  size,  it  was  possible  to  bomb  from  such  a  high 
altitude  that  tosses  to  antiaircraft  were  acceptable. 

Air  defense  missiles  may  counter  high  altitude 
bombing,  but  the  effect  of  saturation  attacks  against  g 

low  altitude  defenses  can  still  be  significant.  The  sensi-  j 

tive  interaction  between  low  altitude  defense  effec¬ 
tiveness  and  fire  unit  reload  time  has  already  been 
noted,  It  may  be  expected  that  enemy  raids  will  be  j 

sized  and  spaced  in  time  and  .'pace  to  minimize  the  ] 

ability  of  the  low  altitude  defenses  to  recover  and 
reload  between  attack  passes  of  raid  elements. 


13.8.3  Enemy  Teotloa  end  Strike  Slae 
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Table  XIII *4.  Computation  of  System  iffectivenass 


Syitcm  State 

Availability- 

Dependability 

AD 

Assumed 

Capability 

C 

ADC 

Element 

All  up 

0.829 

0.S0 

0.413 

Surveillance 

Radar 

0.019 

0.40 

0.008 

Trucking  Radur 

0.0S5 

0.30 

0.016 

IFF  Equipment 

0.016 

0.10 

0.002 

Computer  and 

0.029 

*  It ! 

0.001 

Anclllarks 

Gun-laying 

Servui 

0.019 

0.01 

0.000 

Power  Supply 

0,001 

0,01 

0.000 

System 

Inoperative 

0.032 

0 

0.000 

S,m 

0.442 
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Table  XIII  -b,  Nature’s  Options 


A  related  consideration  is  the  size  of  the  defended 
vital  area,  the  disposition  of  the  defending  Are  units, 
and  the  number  of  Ore  units  comprising  the  defense, 
and  the  effective  range  of  the  defending  weapons, 

A  raid  may  consist  of  a  series  of  elements,  each 
element  consisting  of  two  or  three  aircraft,  with  ele¬ 
ments  closely  spaced  in  time,  Considering  the  attack¬ 
er's  problem  of  maintaining  a  reasonably  safe  spacing 
of  aircraft  in  each  attack  element  to  avoid  collisions 
during  the  pass  and  breakaway,  there  is  some  limit  to 
the  number  of  aircraft  which  can  attack  simulta¬ 
neously,  and  this  limit  depends  somewhat  on  the  size 
ol  the  area  being  attacked,  However,  the  total  number 


of  aircraft  assigned  to  a  raid  is  limited  only  by  availa¬ 
bility  of  aircraft  and  the  attacker's  estimate  of  the 
value  of  the  target  under  attack 

A  proper  evaluation  of  defense  effectiveness  there¬ 
fore  requires  a  fairly  extensive  determination  of  how 
the  effectiveness  varies  with  the  number  of  aircraft 
thrown  against  the  defense,  and  their  time  and  space 
sequencing. 

It  is  suggested  that  the  relatively  limited  size  of  the 
local  defense  envelope  will  make  it  unlikely  that  more 
than  one  attack  element  will  be  in  it  at  a  given  time, 
although  each  element  may  consist  of  several  aircraft 
attacking  simultaneously.  This  simplifies  the  'M  on  N 
problems  of  analysis.  It  is  also  suggested  that  since  the 
radius  of  the  defense  envelope  is  more  sensitive  to  time 
of  flight  than  to  rate  of  Are,  individual  fire  units 
should  be  sized  to  match  the  tower  altitude  boundary 
of  the  area  missile  defense,  at  lowest  individual  cost, 
and  then  employed  in  numbers  allowing  a  one  on  one 
match  of  the  defense  against  the  most  probable  size  or 
attack  element. 

13.B.6  Enemy  Countarmaaeurui 

To  minimize  his  losses,  it  can  he  expected  that  an 
enemy  will  use  countermeasures  of  various  kinds 
against  an  effective  defense.  These  can  include  elec¬ 
tronic  and  optical  countermeasures,  and  direct  attack 


Tibi#  XIII -8.  Enemy  Munition*/ Attack  Mod#  Options 


Bambini 


Missile  Delivery 


Aircraft/ 

Weather 


I'uhtcr  Bombert 


Day,  Clear  Weather 
Night,  Clear  Weather 
Inclement  Weather 


Helicopters 


Duy  Clear  Weather 
Night,  Clear  Weather 


rfwrrrj; 


.rt-JTIBT 


Strafing  Level* 3)  Glide, 'Dive  Laydown  Ton***  I  Image  Homing  I  Homing 


Notes:  ( 1 )  Tom  Bombing  Is  given  a  low  priority  became  of  lta  relatively  low  effectlvenaii. 

(2)  Level  Bombing  li  given  a  relatively  low  priority  for  local  defentc  became  the  aircraft  It  vulnerable  to  the  area  mlaalle 
defenses. 


on  the  defense  by  artillery  lire  and  aircraft  launched 
weapons.  All  foreign  antiaircraft,  se'f-propelled  vehi¬ 
cles  employ  some  degree  of  armoring  against  artillery 
fragments  and  small  arms  Are.  By  comparison,  both 
Vulcan  and  Chaparrel  would  appear  to  require  modi¬ 
fications  to  allow  them  to  accompany  troops  to  forward 
ureas  of  the  battlefield,  and  to  perform  their  air  de¬ 
fense  function  under  enemy  artillery  fire. 

Electronic  and  optical  countermeasures  have  not 
been  analyzed  in  the  present  effort,  but  these  factors 
must  he  considered  in  system  evaluation,  It  would 
appear  from  brief  examination  of  the  problem  that 
countermeasure  resistance  can  be  more  easily  provided 
for  predicted  fire  systems  than  for  surface  to  air  mis¬ 
sile  systems,  but  possible  system  degradation  and 
means  for  avoiding  it  must  be  determined  by  analysis, 
The  ECM  evaluations  should  be  considered  as  a  sepa¬ 
rate  set  of  results,  and  not  uveraged  with  non-ECM 
results  via  a  probability  estimate  of  how  often  the 
attacker  will  employ  ECM, 

13.6  DEVELOPMENT  OF  EFFECTIVENESS 
RESULTS 

ft  is  suggested  that  the  basic  defense  situation  might 
be  a  one-on-one  engagement  in  which  an  attack  ele¬ 
ment  of  N  aircraft  attacks  a  vital  area  defended  by  F 
lire  units,  with  F  ■  N.  If  N  >  F,  N-F  aircraft  are 
unopposed;  If  N  <  F,  one  could  assume  that  on  the 
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average  each  aircraft  receives  fire  from  F/N  fire  units, 
or  one  could  assume  a  one-on-one  engagement  with 
the  fire  units  taking  the  advantage  in  the  fire-reload 
cycle.  Excursions  about  one-on-one  can  thus  be  done  as 
sub-studies. 

Define: 

A  ■  the  availability  of  a  fire  unit  in  the  combat  state. 


the  average  rate  of  fire  availability,  from  the 
fire/reload  model.  Thia  is  the  probability  that 
a  fire  unit  will  be  loaded  and  ready  in  the 
steady  state. . 

the  probability  that  the  attacking  aircraft  ii 
destroyed  before  It  can  release  its  munitions. 

a  multiplying  factor  on  Kg  to  account  for  cost 
to  the  enemy  of  aircraft  lost  from  delayed 
damage,  and  for  the  cost  to  repair  damage  to 
returning  aircraft. 

the  probability  that  the  defended  vital  area  sus¬ 
tains  some  specified  level  of  damage  if  the 
attack  Is  not  defeated. 
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For  some  types  of  attack,  such  a  dive  bombing,  both 
K,  and  K,  will  depend  on  the  attacker's  choice  of 
weapon  release  range,  and  the  variation  of  outcome 
with  this  and  similar  attack  options  should  be  consid- 
ered.  With  iron  bombs,  Kd  probably  decreases  at  least 
as  the  inverse  of  release  range  squared, 

Then  the  aircraft  destroyed  in  each  attack  element 
before  munitions  release  is 


and  the  effective  cost  to  the  attacker  is  (in  equivalent 
aircraft  numbers) 

C.  -  NARK  ^ 

The  damage  sustained  by  the  defender  is 
Da  -  NK  „(|  .ARK.), 

The  result  of  working  through  a  set  of  munitions 
release  ranges  might  appear  as  shown  in  Figure  1 3-5, 
for  u  particular  tactical /environmental  set  of  parame* 
ters.  If  one  assumes  some  maximum  acceptable  attri¬ 
tion  rate  for  the  attacker,  the  effect  of  the  defense  in 
saving  ground  targets  is  at  once  obtained. 

Since  attack  modes  depend  on  weather,  it  is  possible 
to  work  out  C,  und  Dd  for  u  range  of  weather  and 
visibility  conditions,  und  then  average  over  their  fre¬ 
quency  of  occurrence.  However,  this  reduces  the  visi¬ 
bility  of  the  results  and  implies  that  one  can  estimate 
how  the  attacker  will  weight  his  attack  distribution 
with  environmental  conditions. 

It  is  probably  better  to  work  out  a  number  of  curves 
of  the  type  of  Figure  i  3-3.  and  then  exercise  Judge¬ 
ment  in  making  a  consolidated  estimate.  Presentation 
of  the  results  might  be  simplified  by  extracting  the 
ground  target  dumuge  estimates  for  some  specified 
level  of  enemy  attrition.  A  brief  outline  of  how  major 
categories  of  outcomes  might  be  organized  is  sketched 
in  the  following  section. 

13,7  INTIR ACTION  OP  ENEMY  OPTIONS 
VERSUS  DIPINSK  CAPABILITIES 

Rather  than  attempt  to  model  a  portion  of  the 
evaluation  which  depends  entirely  on  the  judgemental 
estimates  that  are  made  to  define  the  tactical  situation, 
we  outline  a  form  in  which  these  judgemental  esti¬ 
mates  may  be  arranged  for  comparison, 

We  assume  for  this  example  that  the  attacker  em¬ 
ploys  weapons,  the  effectiveness  of  which  decreases 
with  an  increase  in  the  range  from  which  they  are 
released.  This  would  include  iron  bombs,  and  the 
simpler  types  of  air  to  surface  missiles,  From  engage¬ 
ment  anulyses,  one  could  develop  a  curve  of  trade-offs 


of  the  probability  that  an  aircraft  is  destroyed  in 
attacking  a  defended  site  versus  the  probability  that  it 
will  succeed  in  destroying  the  defended  target.  This 
curve  might  take  the  form  shown  in  Figure  1 3-5. 

Next  we  assume  for  this  example  that  the  attacker  is 
willing  to  accept  5  percent  attrition,  and  that  if  he 
releases  his  weapons  from  a  corresponding  range  anal¬ 
ysis  indicates  that  they  have  i/5  the  capability  against 
the  ground  target  that  they  would  have  if  he  could 
make  an  unopposed  attack. 

The  attacker  is  assumed  to  have  a  mixed  force, 
consisting  of  aircraft  depending  on  visual  sighting, 
with  only  limited  night  attack  capability,  a  smaller 
number  of  aircraft  which  can  carry  out  attacks  by 
night,  and  a  still  smaller  number  of  expensive  aircraft 
which  can  attack  under  all  conditions  of  weather  and 
visibility.  It  is  assumed  that  each  aircraft  makes  one 
sortie  per  day. 

Table  XIII-7  shows  the  assumed  strike  capabilities  of 
the  ulrcraft  and  Table  XIII-8  shows  the  assumed  costs 
and  numbers, 

When  the  defense  has  a  night  capability,  it  is  as¬ 
sumed  that  this  is  as  good  as  that  of  the  day  defense, 
and  the  same  assumption  is  made  for  the  all  weather 
defense. 

The  assumed  5  percent  attrition  is,  of  course  high, 
since  not  all  targets  can  be  defended.  Similarly  the 
attack  aircraft  target  destruction  rate  is  high,  since  not 
all  attain  aircraft  will  be  able  to  And  targets.  However, 
the  numbers  can  be  considered  in  a  relative  sense,  and 
could  be  replaced  by  good  estimates  after  some 
analysis. 

Results  of  an  analysis  may  be  arranged  as  in  Table 
XIII-9. 

The  provision  of  a  day  defense  only,  according  to 
these  assumptions,  saves  2/3  of  the  defended  targets, 
even  though  the  defense  is  never  fired.  The  provision 
of  a  duy/night  defense  saves  80  percent  of  the  de¬ 
fended  targets,  and  costs  the  attacker  75  aircraft.  Aa 
Table  XIII- 10  indicates,  the  attacker  might  prefer  to 
accept  still  tower  effectiveness,  and  risk  only  his  least 
expensive  aircraft. 

If  the  attacker  restricts  his  operations  to  unfavorable 
weather,  with  greatly  reduced  capability,  he  experi¬ 
ences  an  even  more  unfavorable  cost /effectiveness  pen¬ 
alty  if  the  defense  also  has  an  all  weather  capability. 

The  total  number  of  aircraft  assumed  is  about  the 
same  order  of  magnitude  as  the  number  of  Soviet 
tactical  fighter-bombers  and  light  bombers.  If  only  iron 
bombs  were  delivered,  the  munitions  cost  per  day 
might  be  the  equivalent  of  about  $10j{x  10*.  However, 
if  the  attacker  used  standoff  missiles  to  avoid  the 
defenses,  the  munitions  cost  might  approach 


13-1! 


OHOUND  TAH01TB  OIBTROVSD  PIR  SORTIS  . 1  "■  •  J0I71  303A 

Figure  13-6.  Effect  of  Varying  Munition  Releaae  Range 


$100  x  10*  per  day,  roughly  the  Indicated  cost  of  lost 
uircruft, 

Obviously,  one  cun  change  the  results  obtained  from 
this  example  widely  by  changing  the  assumptions  of 
numbers  and  the  estimates  of  capabilities,  Two  obser¬ 
vations  seem  likely  to  be  supportable  however,  even 
with  wide  changes  in  the  assumptions.  These  are: 

a.  A  defense  can  be  effective,  even  though  the  en¬ 
emy  finds  a  way  of  avoiding  it  at  reduced  capa¬ 
bility. 

b.  A  defense  can  inflict  an  increased  cost  on  an 
enemy,  if  he  can  avoid  it  only  by  using  more 
costly  weapons, 


Table  XIII -7.  Assumed  Attsck  Effectiveness  in  Kills/ 
Sortie 


Operational  Lnvlronment 

bey 

Night 

"Inelemont  Weedier" 

0,3 

0.1 

0 

0.3 

0.3 

0 

0.3 

0.3 

0.2 

Alrerufl 

Capability 

Du>+  Ltd/Night 

Night 

All  Weather 


20871-632 


Table  XIII -8,  Assumed  Force 


Aircraft  Type 

Approx  Unit  Coit 

Assumed 

Number 

Auumed  Sortlei/Dsy 

Dey+Ltd  Night 

11  x  10® 

1000 

1000 

Night 

2x  10® 

400 

400 

All  Weather 

3  x  10® 

too 

100 

®HfU] 


Tabla  XIII -9,  Interaction  of  Defenee/Offenee  Optloni 


Defense 

None 

Day  Defense 

Day  and  Night  Defense 

All  Weather  Defense 

'^x^lncmy  Tactics 

Only  Day 

Attack  by 

Attack  by 

Attack  Only  In 

A  tuck  Only  In 

Outcomes^x^^ 

Attacks 

Night  Only 

Day  nr  Night* 1  * 

Inclemont  Weather 

Inclement  Weather 

Day  Aircraft 

Targets  Destroyed 

300 

100 

100 

0 

0 

A/C  Lost 

0 

0 

50 

0 

0 

Night  Aircraft 

Targets  Destroyed 

200 

120 

40 

0 

0 

A/C  Lost 

0 

0 

20 

0 

0 

All  Weather  Aircraft 

Targets  Destroyed 

50 

30 

10 

20 

20 

A/C  Lost 

0 

0 

5 

0 

3 

Totals 

Targets  Destroyed 

730 

230 

150 

20 

20 

A/C  Lost 

0 

0 

7, 

0 

3 

Cost  of  A/C  Lost 

0 

0 

SI  15  x  106 

0 

S2S  x  I06 

(!)  Since  attrition  Is  the  umo  by  day  or  night,  day  attack*  are  assumed  because  of  higher  enemy  weapons  effectiveness. 
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Table  XIII -10.  Enemy  Options  Versus  Day/NIght  Defense 


Option 

0  u  t  co  m  eit"***"— 

Use  Only  Day  fighters 

Use  Duy  und 

Night  fighters 

Use  Whole 
force 

Ground  Targets 

Destroyed 

too 

140 

ISO 

Aircraft  Lost 

SO 

70 

75 

Cost  of  Aircraft 

Lost 

350  x  I06 

390 x  106 

5115  x  I06 
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SECTION  14 

USE  OF  PREDICTED  FIRE  WEAPONS  AGAINST  GROUND  TARGETS 


Air  detente  weapon*  have  a  secondary  role  in  the 
engagement  or  ground  targets.  However,  the  require¬ 
ments  of  the  air  defense  role  are  so  stringent  that  the 
design  for  air  defense  should  not  be  compromised  in 
favor  of  the  ground  role. 

Once  the  design  hat  been  laid  out  for  air  detente, 
however,  the  requirements  for  ground  fire  may  be 
examined,  and  provision  made  for  use  of  the  weapon 
in  this  role, 

Since  guns  tend  to  have  a  good  inherent  capability 
against  ground  targets,  these  provisions  consist  princi- 

a  or  the  provision  of  appropriate  sighting  and 
g  means  for  the  weapon, 

No  effectiveness  models  are  provided  for  ground  Are 
in  this  report,  since  it  is  felt  that  the  air  detente  role 
should  be  the  primary  determinant  in  weapon  selec¬ 
tion.  Instead,  to  illustrate  the  kinds  of  situations  in 
which  the  employment  of  antiaircraft  weapons  against 
ground  targets  have  been  important,  extracts  from  a 
summary  report  on  the  operations  of  German  flak 
artillery  on  tne  Russian  front  are  provided  below,  Two 
conclusions  of  this  summary  are  noteworthy:  I)  the 
observation  that  air  detente  was  weakened  by  diver¬ 
sion  of  flak  to  the  ground  role,  and  2)  the  emphasis  on 
the  need  to  train  flak  troops  in  self  defense  against 
ground  forces. 

14,1  GERMAN  EXPERIENCE  ON  THE  EASTERN 
FRONT11' 1,1 

‘During  1943,  the  main  emphasis  of  the  flak  artil¬ 
lery  mission  in  the  Eastern  Theater  constantly  fluctu¬ 
ated  between  air  defense  and  ground  operations,  In 
1941  and  1942,  when  there  was  little  Soviet  air  activ¬ 
ity,  German  flak  units  were  often  employed  with  out¬ 
standing  success  in  direct-fire  ground  support,  mainly 
against  tanks.  In  fact,  the  results  achieved  against 
armored  units  by  the  flak  artillery  equalled,  and  in 
many  cases  exceeded,  its  achievements  in  air  defense 
missions.' 

‘According  to  General  Pickert,  the  9th  Flak  Division 
hud  destroyed  600  aircraft  and  826  tanks  by  1  January 
1943.  In  the  Kuban  bridgehead  and  in  the  Crimea  this 
division  reported  165  aircraft  shot  down  and  189 
tanks  destroyed  between  8  April  and  10  May  1943. 

‘Owing  to  the  steadily  increasing  Soviet  armored 
strength,  and  the  corresponding  decline  in  the  number 
of  armor-piercing  weapons  available  to  the  German 
round  forces,  the  Army  demanded  more  and  more 
ak  artillery  to  make  up  for  the  shortage  and  to  stave 
nfT  powerful  enemy  attacks,  But,  this  employment  of 
antiaircraft  artillery  was  really  the  policy  of  ‘the  poor 
man.1  since  flak  batteries  were  taken  away  from  their 


natural  mission  (air  defense)  at  the  very  time  when 
increasing  protection  against  Soviet  air  attacks  was 
needed  by  the  ground  forces  because  of  the  resurgence 
of  enemy  airpower,  Moreover,  increased  protection 
became  necessary  for  many  vital  installations  not 
theretofore  endangered  whicn  were  exposed  to  aerial 
attack,  especially  airfields  and  supply  depots,  supply 
routes,  bridges,  and  rail  junctions. 

‘Until  the  winter  of  1942-43  Soviet  air  activities  had 
still  been  relatively  tight.  Thus,  astonishing  as  it  seems, 
the  Russian  air  units  did  nothing  to  interfere  with 
traffic  on  the  Don  River  at  Rostov  and  on  the  only 
available  main  highway  from  Bataysk  to  Rostov  dur¬ 
ing  January  1943  when  the  German  First  Panzer 
Army  and  the  Fourth  Army  were  threading  their  way 
to  the  west  from  the  Caucasus  and  the  Kalmyk  plains. 
This  was  a  serious  omission  on  the  part  of  the  Soviet 
Command. 

'From  the  summer  of  1943  on,  however,  the  air 
situation  changed  radically.  Soviet  air  units  then  began 
for  the  first  time  with  sizeable  units  to  attack  airfields, 
important  rail  junctions  in  the  German  rear  areas,  and 
concentration  areas.  Flak  forces  in  the  front  then  tried 
to  fulfill  both  their  air  defense  mission  and  the  direct- 
fire  ground  support  mission.  The  main  enemy  was  the 
Soviet  air  forces,  especially  the  ever-dangerous  ground 
attack  units.  This  mission  was  all  the  more  important 
because  Soviet  air  units  had  become  ever  bolder  in 
their  support  of  the  Red  Army  as  a  result  of  the 
continual  decline  in  German  fighter  strength.  With  the 
decline  in  fighter  strength  the  need  for  protection  by 
flak  units  was  greatly  increased, 

'Light  and  medium  flak  units  were  committed  near 
the  front,  from  the  foremost  lines  back  as  far  as 
artillery  firing  areas,  while  heavy  flak  batteries,  also 
mobile,  were  placed  in  artillery  firing  areas  and  farther 
to  the  rear,  The  heavy  batteries  actually  had  a  triple 
mission:  I)  air  defense,  2)  supporting  and  augment¬ 
ing  regular  artillery  and  providing  air  defense  for  it, 
and  3)  direct-fire  ground  support  against  tanks  which 
might  break  through  the  forward  defenses,  This  illus¬ 
trates  the  German  efforts  to  compensate  for  their 
numerical  weaknesses  in  antiaircraft  artillery  in  the 
vast  Soviet  regions  by  achieving  enough  flexibility  to 
make  it  possible  to  develop  main  areas  of  Are  in 
critical  defense  sectors. 

'Maneuverability  was  not  absolutely  essential  for  the 
performance  of  tne  second  mission,  which  included 
protecting  targets  in  the  rear  areas  against  air  attack. 
Here  it  was  sufficient  to  move  flak  batteries  in  by 
means  of  flak  transport  batteries, 
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These  were  units  in  which  prime  movers  were  con¬ 
solidated  specifically  for  the  movement  of  Artillery 
pieces.  However,  it  was  impossible  to  activate  enough 
of  these  transport  batteries,  and  because  of  insufficient 
advance  knowledge  about  the  development  of  situa¬ 
tions,  or  in  case  of  sudden  enemy  breakthroughs,  the 
time  was  frequently  too  short  to  include  the  antiair¬ 
craft  pieces  in  the  hasty  withdrawals.  It  was  then 
necessary  to  demolish  the  guns  and  all  fire  control 
instruments  and  devices  to  prevent  their  capture  intact. 
Because  of  inadequate  available  transportation  space, 
much  valuable  materiel  had  been  lost  during  retro¬ 
grade  movements,  most  of  which  had  to  be  carried  out 
under  heavy  Soviet  pressure. 

‘The  inadequate  output  of  motor  vehicles  by  Ger¬ 
man  industry  compelled  a  separation  of  the  flak  forces 
into  motorized,  and  truck-drawn  units  in  order  to 
insure  ut  least  some  degree  of  mobility,  thereby  also 
enhancing  the  chances  for  a  quick  concentration  of 
forces  in  the  front  areas.  As  a  rule,  motorized  units 
were  committed  in  the  front  areas  and  truck-drawn 
units  in  the  rear  areas  for  the  protection  of  static 
turgets. 

'One  basic  requirement  for  motorized  flak  units  was 
ull-terrain  mobility.  For  the  light  and  medium  guns, 
self-propelled  mounts  with  protective  armor  similar  to 
armored  personnel  curriers  had  proven  to  be  the  most 
racticul.  for  which  reason  they  were  in  great  demand, 
or  the  heavy  (8,8-cm.)  guns,  the  prime  movers  de¬ 
signed  Tram  them  continued  to  be  satisfactory, 

'Lack  of  forces  were  the  one  factor  which  made  it 
difficult  to  develop  power  concentrations  in  the  air,  and 
the  necessity  for  u  wide  distribution  of  German  air 
units,  brought  about  by  the  increasing  frequency  and 
size  of  Soviet  attacks  against  installations  in  rear  areas, 
resulted  in  an  even  wider  distribution  of  available  flak 
batteries,  In  the  past  the  rule  had  been  to  have  at  least 
one  heavy  flak  battalion  assigned  for  the  protection  of 
important  static  targets.  In  1943  the  number  of  Instal¬ 
lations  requiring  protection  made  this  impossible,  Thus, 
truck-drawn  batteries  in  the  East  were  reinforced  with 
additional  guns  and  organized  into  what  were  called 
twin  or  oversize  batteries. 

‘Flak  units  lacked  adequate  signal  facilities,  which, 
in  the  course  of  time,  had  made  It  necessary  to  situate 
all  command  posts  interested  in  the  air  defense  of 


airfields  in  close  proximity.  Often  it  was  even  necessary 
to  combine  s  commend  post. 

'Heavy  (motorized)  flak  batteries  should  have  been 
issued  special  radio  instruments  so  that  they  could  have 
maintained  Contact  between  the  battery  firing  petitions 
and  the  artillery  observers  in  order  to  keep  them,  ready 
for  firing  at  ail  times,  An  urgent  need  for  all  batteries 
was  the  issue  of  close-defense  weapons,  such  as  Panzer- 

faust  antitank  rockets. 

> 

'Flak  trains  should  also  have  been  created  in  order 
to  permit  a  speedier  shift  of  main  emphasis  in  air 
defense.  The  individual  air  fleets  did  what  they  could 
to  provide  for  this  missing  element  by  improvising  flak 
trains  with  the  means  at  their  disposal.  These  were 
committed  not  only  in  the  defense  or  static  targets,  but 
also  frequently  with  great  success  in  action  against 
large  partisan  groups.  In  this  connection  it  should  be 
mentioned  that  it  became  absolutely  essential  to  give 
flak  units  special  training  in  close  combat  and  ground 
defense  in  order  to  avoid  heavy  losses. 

'By  September  1943  the  armies  of  the  southern  front 
in  Russia  were  being  withdrawn  and  established  in 
their  new  main  line  of  resistancee  behind  the  Dnepr 
River.  Strong  flak  and  fighter  forces  were  assigned  to 
protect  the  new  positions,  while  ground  force  units 
reorganized  and  reestablished  their  forces. 

'The  evacuation  of  airfields  were  particularly  difficult 
because  of  the  dual  requirement  that  airfields  were  to 
be  destroyed  as  thoroughly  as  possible  but  would  be 
kept  in  operational  use  up  to  the  last  possible  moment. 
For  this  reason,  sheds,  billets,  shelters,  signal  commu¬ 
nication  and  command  post  installations,  and  similar 
structures  were  demolished  first.  The  airfields  were 
plowed  up  and  mined,  and  only  one  take-off  and 
landing  runway  was  maintained  until  the  moment 
when  the  planes  took  olT  to  transfer  to  another  field, 
Frequently  this  last  runway  was  not  blusted  until  after 
the  last  aircraft  had  taken  off  and  the  first  shells  from 
So’.iet  tanks  or  artillery  had  begun  to  fall  in  the  area. 

‘Often  these  last-minute  demolition  tasks  were  only 
possible  because  of  defensive  action  by  flak  units 
which  were  committed  to  protect  the  airfields.  After 
the  flying  units  had  evacuated  the  field,  these  flak  units 
assumed  a  ground-defense  (direct-fire)  role,  and  main¬ 
tained  effective  fire  to  halt  the  Russians  until  all  demo¬ 
litions  were  completed.’ 
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